Cementitious materials subjected to mechanical and environmental stressors: A computational framework by Hajilar, Shahin
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2018
Cementitious materials subjected to mechanical
and environmental stressors: A computational
framework
Shahin Hajilar
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Civil Engineering Commons, Materials Science and Engineering Commons, and the
Mechanics of Materials Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Hajilar, Shahin, "Cementitious materials subjected to mechanical and environmental stressors: A computational framework" (2018).
Graduate Theses and Dissertations. 16719.
https://lib.dr.iastate.edu/etd/16719
 
 
Cementitious materials subjected to mechanical and environmental stressors:  
A computational framework 
 
by 
 
Shahin Hajilar 
 
 
A dissertation submitted to the graduate faculty  
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Civil Engineering (Structural Engineering) 
 
 
Program of Study Committee: 
Behrouz Shafei, Major Professor 
Alice Alipour 
In Ho Cho 
Kejin Wang 
Richard Alan LeSar 
 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this dissertation. The Graduate 
College will ensure this dissertation is globally accessible and will not permit alterations after a 
degree is conferred. 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2018 
 
 
Copyright © Shahin Hajilar, 2018. All rights reserved. 
ii 
 
DEDICATION 
 
 
 
To my beloved parents, Masoud and Farideh, 
 
my dearest twin brother, Shayan, 
 
and 
 
my sweet little sister, Shima 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
TABLE OF CONTENTS 
 
   Page
LIST OF FIGURES……………………………………………………………………… vi
LIST OF TABLES……………………………………………………………………….. xii
ACKNOWLEDGMENTS……………………………………………………………...... xiv
ABSTRACT……………………………………………………………………………... xv
CHAPTER 1: INTRODUCTION………………………………………………………... 1
 1.1 Overview…………………………………………………………………………... 1
 1.2 Research Needs and Motivations………………………………………………….. 2
 1.3 Research Approach and Objectives……………………………………………….. 6
 1.4 Dissertation Outline……………………………………………………………….. 8
CHAPTER 2: MECHANICAL FAILURE MECHANISMS OF HYDRATED 
PRODUCTS OF TRICALCIUM ALUMINATE: A REACTIVE MOLECULAR 
DYNAMICS STUDY……………………………………………………………………. 11
 2.1 Introduction………………………………………………………………………... 11
 2.2 Hydrated Products of Tricalcium Aluminate………………………………………. 15
  2.2.1 Hydrogarnet…………………………………………………………………… 15
  2.2.2 Ettringite………………………………………………………………………. 17
  2.2.3 Monosulfoaluminate…………………………………………………………... 18
 2.3 Computational Methodology………………………………………………………. 20
  2.3.1 Reactive Force Field…………………………………………………………... 20
  2.3.2 Model Construction…………………………………………………………… 20
  2.3.3 Uniaxial Tension Testing……………………………………………………… 21
 2.4 Stress-Strain Relationships………………………………………………………… 22
  2.4.1 Hydrogarnet…………………………………………………………………… 22
  2.4.2 Ettringite………………………………………………………………………. 25
  2.4.3 Kuzelite………………………………………………………………………... 29
 2.5 Mechanical Properties……………………………………………………………... 33
 2.6 Conclusions………………………………………………………………………... 36
 2.7 References…………………………………………………………………………. 38
CHAPTER 3: ASSESSMENT OF STRUCTURAL, THERMAL, AND 
MECHANICAL PROPERTIES OF PORTLANDITE THROUGH MOLECULAR 
DYNAMICS SIMULATIONS…………………………………………………………... 42
 3.1 Introduction………………………………………………………………………... 42
 3.2 Computational Methodology……………………………………………………… 46
  3.2.1 Crystalline Structure…………………………………………………………... 46
  3.2.2 Molecular Dynamics Method…………………………………………………. 47
  3.2.3 Elastic Properties Calculation………………………………………………… 48
  3.2.4 Uniaxial Tensile Straining…………………………………………………….. 49
   
iv 
 
 3.3 Results and Discussions…………………………………………………………… 50
  3.3.1 Structural and Thermal Properties of Portlandite……………………………... 50
  3.3.2 Elastic Properties of Portlandite………………………………………………. 53
  3.3.3 Stress-Strain Relationships……………………………………………………. 54
  3.3.4 Poisson’s Ratio………………………………………………………………... 58
  3.3.5 Effect of Temperature on Mechanical Properties……………………………... 60
  3.3.6 Effect of Strain Rate on Mechanical Properties………………………………. 62
  3.3.7 Combined Effect of Strain Rate and Temperature……………………………. 65
 3.4 Conclusions………………………………………………………………………... 66
 3.5 References…………………………………………………………………………. 68
CHAPTER 4: REACTIVE MOLECULAR DYNAMICS SIMULATIONS TO 
UNDERSTAND MECHANICAL RESPONSE OF THAUMASITE UNDER 
TEMPERATURE AND STRAIN RATE EFFECTS……………………………………. 73
 4.1 Introduction………………………………………………………………………... 73
 4.2 Computational Details……………………………………………………………... 76
  4.2.1 Crystalline Structure of Thaumasite…………………………………………… 76
  4.2.2 Mechanical Properties from RMD Simulations……………………………….. 78
  4.2.3 Calculating Elastic Properties at Finite Temperature …………………………. 79
  4.2.4 Calculating Stress-Strain Response…………………………………………… 80
 4.3 Results and Discussions……………………………………………………………. 80
  4.3.1 Structural Properties of Thaumasite…………………………………………… 80
  4.3.2 Mechanical Properties of Thaumasite…………………………………………. 82
  4.3.3 Effect of Temperature Change on Mechanical Properties of Thaumasite……… 85
  4.3.4 Effect of Strain Rate on Mechanical Properties of Thaumasite………………... 89
 4.4 Conclusions………………………………………………………………………... 92
 4.5 Acknowledgments…………………………………………………………………. 93
 4.6 References…………………………………………………………………………. 93
CHAPTER 5: STRENGTH ANISOTROPY AND TENSION-COMPRESSION 
ASYMMETRY IN COMPLEX SULFATE-BEARING CRYSTALS…………………... 98
 5.1 Introduction………………………………………………………………………... 98
 5.2 Computational Simulations………………………………………………………... 101
  5.2.1 Atomic Structures of Sulfate-Bearing Crystals………………………............... 101
  5.2.2 Model Details………………………………………………………………….. 105
  5.2.3 Straining Procedure……………………………………………………………. 106
 5.3 Results and Discussions……………………………………………………………. 107
  5.3.1 Uniaxial Straining……………………………………………………………... 107
  5.3.2 Biaxial Straining………………………………………………………………. 112
  5.3.3 Yield Criteria………………………………………………………………….. 117
 5.4 Conclusions………………………………………………………………………... 122
 5.5 Acknowledgments………………………………………………………………..... 124
 5.6 References…………………………………………………………………………. 124
  
v 
 
CHAPTER 6: ATOMIC-SCALE INVESTIGATION OF PHYSICAL ADSORPTION 
OF WATER MOLECULES AND AGGRESSIVE IONS TO ETTRINGITE’S 
SURFACES……………………………………………………………………………… 130
 6.1 Introduction………………………………………………………………………... 130
 6.2 Computational Methodology………………………………………………………. 135
  6.2.1 Structural Models……………………………………………………………… 135
  6.2.2 MD Simulations……………………………………………………………….. 137
 6.3 Results and Discussions……………………………………………………………. 139
  6.3.1 Atomic Density Profiles……………………………………………………….. 139
  6.3.2 Adsorption Statistics…………………………………………………………... 143
  6.3.3 Binding Isotherms……………………………………………………………... 146
  6.3.4 Dipolar and HH Orientation Profiles…………………………………………... 148
  6.3.5 Planar Atomic Density Distributions………………………………………….. 151
  6.3.6 Radial Distribution Functions…………………………………………………. 154
  6.3.7 Self-Diffusion Coefficients……………………………………………………. 158
 6.4 Conclusions………………………………………………………………………... 161
 6.5 Acknowledgments…………………………………………………………………. 162
 6.6 References…………………………………………………………………………. 162
CHAPTER 7: STRUCTURE, ORIENTATION, AND DYNAMICS OF WATER-
SOLUBLE IONS ADSORBED TO BASAL SURFACES OF CALCIUM 
MONOSULFOALUMINATE HYDRATES…………………………………………….. 171
 7.1 Introduction………………………………………………………………………... 172
 7.2 Computational Methodology………………………………………………………. 176
  7.2.1 Structural Models……………………………………………………………… 176
  7.2.2 MD Simulations……………………………………………………………….. 179
 7.3 Results and Discussions……………………………………………………………. 181
  7.3.1 Configurational Analysis……………………………………………………… 181
  7.3.2 Atomic Density Profiles……………………………………………………….. 183
  7.3.3 Adsorption Statistics…………………………………………………………... 186
  7.3.4 Water Orientation Profiles…………………………………………………….. 189
  7.3.5 Planar Atomic Density Distributions………………………………………….. 193
  7.3.6 Radial Distribution Functions…………………………………………………. 196
  7.3.7 Self-Diffusion Coefficients……………………………………………………. 200
 7.4 Conclusions………………………………………………………………………... 203
 7.5 Acknowledgments…………………………………………………………………. 204
 7.6 References…………………………………………………………………………. 204
CHAPTER 8: SUMMARY AND FUTURE WORK…………………………………..... 213
 8.1 Summary of Main Contributions………………………………………………….. 213
 8.2 Perspective for Future Work……………………………………………………..... 216
 REFERENCES………………………………………………………………………… 218
 
 
 
 
vi 
 
LIST OF FIGURES 
 
 Page
Figure 1-1. Hierarchical structure of concrete across various length scales.  
Image Credits: Level Å from Pellenq et al. (2009); Level nm from Taylor et al. (2015); 
Level μm from Stutzman (2001), Levels mm and cm from Garboczi and Bentz 
(1996)…………………………………………………………………………………….. 7
 
Figure 2-1. The unit cell of hydrogarnet. (Green: Ca; Pink: Al; Red: O; White: 
H)………………………………………………………………………………………… 16
 
Figure 2-2. (a) Unit cell of ettringite, (b) configuration of the CଷA columns parallel to 
the z axis, and (c) arrangement of the SOସଶି groups and water molecules in the 
intercolumn channels. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)……………. 18
 
Figure 2-3. (a) Unit cell of kuzelite and (b) the configuration of the ሾCaଶAlሺOHሻ଺ሿା 
layers perpendicular to the z axis as well as the SOସଶି groups and water molecules in the 
interlayer. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)………………………… 19
 
Figure 2-4. Stress-strain behavior of hydrogarnet under uniaxial tensile strain in the x, 
y, and z directions………………………………………………………………………... 23
 
Figure 2-5. Changes in the number of bonds during the dynamics of mechanical 
straining of hydrogarnet………………………………………………………………….. 24
 
Figure 2-6. Damage to the atomic structure of hydrogarnet under tensile strains in the x 
direction. The dashed line displays the stretched tricalcium aluminate chain that links 
the two fractured surfaces. Initial cell parameters: a = 5.026 nm, b = c = 2.513 nm, and 
α = β = γ = 90º. (Green: Ca; Pink: Al; Red: O; White: H)……………………………….. 25
 
Figure 2-7. Stress-strain curves obtained for ettringite under uniaxial tensile strain in 
the (a) x and y, and (b) z direction……………………………………………………….. 26
 
Figure 2-8. Changes in the number of bonds during the dynamics of mechanical 
straining of ettringite in the (a) x and y, and (b) z direction…………………………….... 27
 
Figure 2-9. Damage to the atomic structure of ettringite under tensile strains in the z 
direction. Initial cell parameters: a = 1.934 nm, b = 2.233 nm, c = 4.271 nm, and α = β 
= γ = 90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)…………………………. 28
 
Figure 2-10. Damage to the atomic structure of ettringite under tensile strains in the y 
direction. Initial cell parameters: a = 1.934 nm, b = 4.467 nm, c = 2.135 nm, and α = β 
= γ = 90º.  (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)………………………… 29
  
Figure 2-11. Stress-strain behavior of kuzelite under uniaxial tensile strain in the  
(a) x and y, and (b) z direction…………………………………………………………… 30
vii 
 
 
Figure 2-12. Changes in the number of bonds during the dynamics of mechanical 
straining of kuzelite in the (a) x and y, and (b) z direction………………………………. 31
 
Figure 2-13. Damage to the atomic structure of kuzelite under tensile strains in the y 
direction. Initial cell parameters: a = 1.995 nm, b = 4.607 nm, c = 2.679 nm, and α = β 
= γ = 90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)…………………………. 32
 
Figure 2-14. Damage to the atomic structure of kuzelite under tensile strains in the z 
direction. Initial cell parameters: a = 1.995 nm, b = 2.303 nm, c = 5.359 nm, and α = β 
= γ = 90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H)…………………………. 32
 
Figure 2-15. An overview of the relations identified between the mechanical properties 
obtained from the RMD simulations and the atomic structural characteristics reported 
for the hydrated products of CଷA………………………………………………………… 35
 
Figure 3-1. (a) The trigonal unit cell and (b) the layered structure of portlandite.  
(Green: Calcium; Red: Oxygen; White: Hydrogen)……………………………………... 47
 
Figure 3-2. Thermal expansion of portlandite between 300 and 500 K…………………... 51
 
Figure 3-3. Stress-strain curves of portlandite under tensile strains in the (a) x/y and (b) 
z directions at ambient temperature and pressure conditions……………………………. 55
 
Figure 3-4. Progress of damage to the atomic structure of portlandite under tensile 
strains in the z direction. (Green: Ca; Red: O; White: H)………………………………... 56
 
Figure 3-5. Progress of damage to the atomic structure of portlandite under tensile 
strains in the y direction. (Green: Ca; Red: O; White: H)……………………………….. 57
 
Figure 3-6. Stress-strain curves of portlandite at various temperatures under uniaxial 
tensile strains in the (a) x/y and (b) z directions…………………………………………. 60
 
Figure 3-7. Mechanical Properties of portlandite at various temperatures under uniaxial 
tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, 
and (c) Fracture strain……………………………………………………………………. 61
 
Figure 3-8. Stress-strain curves of portlandite at various strain rates under uniaxial 
tensile strains in the (a) x/y and (b) z directions…………………………………………. 63
 
Figure 3-9. Mechanical properties of portlandite at various strain rates under uniaxial 
tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, 
and (c) Fracture strain……………………………………………………………………. 64
 
 
viii 
 
Figure 3-10. Relationship between logሺߪሻ and logሺߝሶሻ at various temperatures for 
portlandite under uniaxial tensile strains in the (a) x/y and (b) z directions……………... 66
 
Figure 4-1. (a) Unit cell of thaumasite; (b) The crystal structure of Thaumasite viewed 
from (001). The color scheme is as follows: Blue: Silicon; Cyan: Calcium; Yellow: 
Sulfur, Brown: Carbon; Red: Oxygen; White: Hydrogen……………………………….. 77
 
Figure 4-2. Thermal expansion of thaumasite between 100 and 380 K…………………. 81
 
Figure 4-3. Stress-strain curves of thaumasite under tensile strains in the x/y and z 
directions…………………………………………………………………………………. 83
 
Figure 4-4. Changes in the number of bonds during the straining of thaumasite in the 
(a) x/y directions, and (b) z direction…………………………………………………….. 85
 
Figure 4-5. Stress-strain curves of thaumasite at different temperatures under uniaxial 
tensile strains in the (a) x/y directions, and (b) z direction………………………………. 86
 
Figure 4-6. Mechanical Properties of thaumasite at different temperatures under 
uniaxial tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s 
modulus, and (c) Fracture strain…………………………………………………………. 87
 
Figure 4-7. Changes in the number of bonds during the straining of thaumasite in 
different directions with various temperatures: (a) Ca-O bonds in the x/y directions, (b) 
Ca-O bonds in the z direction, (c) Si-O bonds in the z direction, and (d) C-O bonds in 
the z direction…………………………………………………………………………….. 88
 
Figure 4-8. Stress-strain curves of thaumasite at different strain rates under uniaxial 
tensile strains in the (a) x/y directions, and (b) z direction………………………………. 89
 
Figure 4-9. Mechanical Properties of thaumasite under uniaxial tensile strains with 
various strain rates in the x/y and z directions: (a) Tensile strength, (b) Young’s 
modulus, and (c) Fracture strain…………………………………………………………. 90
 
Figure 4-10. Changes in the number of bonds during the straining of thaumasite in 
different directions with various strain rates: (a) Ca-O bonds in the x/y directions, (b) 
Ca-O bonds in the z direction, (c) Si-O bonds in the z direction, and (d) C-O bonds in 
the z direction…………………………………………………………………………….. 91
 
Figure 5-1. A 3 × 3 × 1 crystalline structure of ettringite (a) projected along the c-axis, 
showing the arrangement of tricalcium aluminate columns, and (b) in the a-b plane, 
illustrating the sulfate groups and water molecules between the cylindrical tricalcium 
aluminate columns. The color scheme is as follows: Green: Calcium; Pink: Aluminum; 
Yellow: Sulfur, Red: Oxygen; and White: Hydrogen…………………………………… 102
 
 
ix 
 
Figure 5-2. A 3 × 3 × 3 crystalline structure of thaumasite (a) projected along the c-
axis, showing the arrangement of tricalcium silicate columns, and (b) in the a-b plane, 
illustrating the sulfate and carbonate groups, as well as the water molecules between 
the cylindrical tricalcium silicate columns. The color scheme is as follows: Green: 
Calcium; Orange: Silicon; Yellow: Sulfur, Gray: Carbon; Red: Oxygen; White: 
Hydrogen………………………………………………………………………………… 104
 
Figure 5-3. Stress-strain relationship of (a) ettringite and (b) thaumasite under uniaxial 
tensile and compressive strains in the individual y and z directions……………………... 108
 
Figure 5-4. Changes in the number of (a) Ca-O, (b) Al-O, (c) S-O, and (d) H-O bonds 
during the uniaxial straining of ettringite in the individual y and z directions…………... 109
 
Figure 5-5. Changes in the number of (a) Ca-O, (b) Si-O, (c) S-O, and (d) C-O bonds 
during the uniaxial straining of thaumasite in the individual y and z directions………… 111
 
Figure 5-6. Stress-strain relationship of ettringite under biaxial strains in both y and z 
directions…………………………………………………………………………………. 113
 
Figure 5-7. Stress-strain relationship of thaumasite under biaxial strains in both y and z 
directions…………………………………………………………………………………. 114
 
Figure 5-8. Changes in the number of (a) Ca-O, (b) Al-O, (c) S-O, and (d) H-O bonds 
during the biaxial straining of ettringite in both y and z directions……………………… 115
 
Figure 5-9. Changes in the number of (a) Ca-O, (b) Si-O, (c) S-O, and (d) C-O bonds 
during the biaxial straining of thaumasite in both y and z directions……………………. 116
 
Figure 5-10. Biaxial flow surface of (a) ettringite and (b) thaumasite obtained from 
RMD simulations………………………………………………………………………… 117
 
Figure 5-11. Predicted flow surface for ettringite using (a) von Mises, (b) Drucker-
Prager, (c) Hill, and (d) Liu-Huang-Stout yield criteria…………………………………. 121
 
Figure 5-12. Predicted flow surface for thaumasite using (a) von Mises, (b) Drucker-
Prager, (c) Hill, and (d) Liu-Huang-Stout yield criteria…………………………………. 122
 
Figure 6-1. Initial configuration of the 0.5 M NaCl concentration solution in contact 
with the ettringite’s surfaces. Color code: green (Ca), yellow (S), pink (Al), red (O), 
white (H), cyan (Cl-), and purple (Na+)………………………………………………….. 137
 
Figure 6-2. Atomic density profiles of the equilibrated (a) 0.1, (b) 0.5, and (c) 1.5 M 
NaCl solutions in contact with the surfaces of ettringite. Region 1, 2, and 3 designate 
the solid substrate, inner-sphere, and outer-sphere range, respectively. Color code: 
green (Ca), yellow (S), pink (Al), red (Wat-O), gray (Wat-H), cyan (Cl-), and purple 
(Na+)……………………………………………………………………………………… 140
x 
 
 
Figure 6-3. The (100) surface of ettringite in contact with a sodium chloride aqueous 
solution. The IS, OS, and FI denote the inner-sphere adsorption, outer-sphere 
adsorption, and free ions in the solution, respectively…………………………………… 141
 
Figure 6-4. The inner-sphere and total surface-bound binding isotherms of (a) chloride 
ions and (b) sodium ions…………………………………………………………………. 147
 
Figure 6-5. Schematic illustration describing dipolar (vd) and HH (vhh) vectors………… 149
 
Figure 6-6. Orientation profiles: (a) dipolar and (b) HH angle distribution……………... 150
 
Figure 6-7. Planar atomic density distributions of (a) Cl- and (b) Na+ within the inner-
sphere distance from the ettringite’s surfaces superimposed on the equilibrium 
locations of Ca (green), Al (pink), and S (yellow)………………………………………. 152
 
Figure 6-8. Planar atomic density distributions of (a) Cl- and (b) Na+ within the outer-
sphere distance from the ettringite’s surfaces superimposed on the equilibrium 
locations of Ca (green), Al (pink), and S (yellow)………………………………………. 153
 
Figure 6-9. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) Cl--WatO and (b) Na+-WatO calculated for 1.5 M NaCl solution in 
equilibrium with the ettringite’s surfaces………………………………………………... 156
 
Figure 6-10. Radial distribution functions (solid lines) and running coordination 
numbers (dash lines) of (a) chloride ions and the elements of the tricalcium aluminate 
columns (Al, Ca, and Ho), and (b) sodium ions and the elements of the sulfate groups 
(S and Os) calculated for 1.5 M NaCl solution in equilibrium with the ettringite’s 
surfaces…………………………………………………………………………………... 157
 
Figure 6-11. The MSD of water molecules for various NaCl concentrations for (a) 
inner-sphere, and (b) outer-sphere regions………………………………………………. 159
 
Figure 6-12. Self-diffusion coefficients as a function of NaCl concentration for the 
inner-sphere, outer-sphere, and total surface-bound water molecules…………………... 160
 
Figure 7-1. Graphical representation of the initial configuration of the 0.5 M NaCl 
solution in contact with the surfaces of monosulfoaluminate……………………………… 178
 
Figure 7-2. Surfaces of monosulfoaluminate equilibrated with (a) 0.1, (b) 0.5, and (c) 
1.5 M NaCl solutions for 500 ps (top) and 5.0 ns (bottom). Color code: green (Ca), 
yellow (S), pink (Al), red (O), white (H), cyan (Cl-), and purple (Na+)…………………. 181
 
 
 
 
xi 
 
Figure 7-3. Atomic density profiles of the equilibrated (a) 0.1, (b) 0.5, and (c) 1.5 M 
NaCl solutions in contact with the surfaces of monosulfoaluminate. Regions 1, 2, and 3 
designate the solid substrate, inner-sphere, and outer-sphere range, respectively. Color 
code: green (Ca), yellow (S), pink (Al), red (WatO), gray (WatH), cyan (Cl-), and 
purple (Na+)……………………………………………………………………………… 184
 
Figure 7-4. Chloride binding isotherm calculated by MD simulations in comparison 
with the empirical models proposed based on the experimental test results…………….. 189
 
Figure 7-5. Water orientation profiles: (a) dipole and (b) HH angle distribution of water 
molecules in contact with the [0.5SO4.3H2O]- surface, (c) the atomic density profile of 
WatO……………………………………………………………………………………... 190
 
Figure 7-6. Water orientation profiles: (a) dipole and (b) HH angle distribution of water 
molecules in contact with the [Ca2Al(OH)6]+ surface, (c) the atomic density profile of 
WatO……………………………………………………………………………………... 192
 
Figure 7-7. Planar atomic density distributions of Cl- (cyan) and Na+ (purple) ions 
within (a) inner-sphere and (b) outer-sphere distances from the [Ca2Al(OH)6]+ surface, 
superimposed on the equilibrium locations of Ca (green), Al (pink), O (red), and H 
(white) atoms that form the calcium aluminate hydrate substrate……………………….. 194
 
Figure 7-8. Planar atomic density distributions of Cl- (cyan) and Na+ (purple) ions 
within the (a) inner-sphere and (b) outer-sphere distances from the [0.5SO4.3H2O]- 
surface, superimposed on the equilibrium locations of S (yellow), and O (red) atoms 
that exist in the surface layer of sulfate groups………………………………………….. 196
 
Figure 7-9. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) Cl--WatO and (b) Na+-WatO calculated for 1.5 M NaCl solution in 
equilibrium with the [Ca2Al(OH)6]+ and [0.5SO4.3H2O]- surface of 
monosulfoaluminate, respectively……………………………………………………….. 198
 
Figure 7-10. Radial distribution functions (solid lines) and running coordination 
numbers (dash lines) of (a) inner-sphere chloride ions and the elements of the 
[Ca2Al(OH)6]+ surface, and (b) outer-sphere sodium ions and the elements of the 
[0.5SO4.3H2O]-  surface, both calculated for 1.5 M NaCl solution……………………… 200
 
Figure 7-11. Self-diffusion coefficients as a function of NaCl concentration for the 
inner-sphere, outer-sphere, and total surface-bound water molecules in contact with (a) 
[Ca2Al(OH)6]+ and (b) [0.5SO4.3H2O]- surface………………………………………….. 201
 
 
 
 
 
 
xii 
 
LIST OF TABLES 
 
 Page
Table 2-1. Lattice parameters of hydrated products of CଷA……………………………... 21
 
Table 2-2. Mechanical properties of hydrogarnet calculated from the response to strain 
in the x, y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps……... 33
 
Table 2-3. Mechanical properties of ettringite calculated from the response to strain in 
the x, y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps………... 33
 
Table 2-4. Mechanical properties of kuzelite calculated from the response to strain in 
the x, y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps………... 34
 
Table 2-5. Poisson’s ratio of hydrated products of CଷA………………………………..... 36
 
Table 3-1. Comparison between portlandite cell parameters calculated by NPT-MD and 
those obtained from the experiments by Henderson and Gutowsky (1962)……………... 51
 
Table 3-2. Coefficients of thermal expansion (CTEs) calculated for the structural 
parameters of portlandite under four temperature ranges………………………………... 52
 
Table 3-3. Comparison of thermal expansion parameters fitted to NPT-MD simulation 
results with those available in the literature……………………………………………... 53
 
Table 3-4. Elastic properties of portlandite obtained from MD simulations, Brillouin 
spectroscopy tests, density functional theory (DFT), and other methods………………... 54
 
Table 3-5. Surface energies of fractured surfaces of portlandite calculated from MD 
simulations compared with those of the ideal cleaved surfaces obtained from MM 
simulations and experimental tests……………………………………………………..... 58
 
Table 3-6. Poisson’s ratio of portlandite in different directions at strain rate of 0.0005 
ps-1………………………………………………………………………………………... 59
 
Table 4-1. Thaumasite cell parameters calculated using ReaxFF and obtained by Gatta 
et al.’s (2012) experimental tests………………………………………………………… 81
 
Table 4-2. Mean thermal expansion coefficients of thaumasite in various temperature 
ranges…………………………………………………………………………………….. 82
 
Table 4-3. Elastic properties of thaumasite calculated using ReaxFF and obtained from 
Scholtzová et al.’s (2015) experimental tests……………………………………………. 83
 
Table 6-1. Adsorption statistics calculated from atomic density profiles of the water 
molecules………………………………………………………………………………… 144
xiii 
 
 
Table 6-2. Adsorption statistics calculated from atomic density profiles of the chloride 
ions……………………………………………………………………………………….. 145
 
Table 6-3. Adsorption statistics calculated from atomic density profiles of the sodium 
ions……………………………………………………………………………………….. 145
 
Table 6-4. Self-diffusion coefficients of 1.5 M NaCl solution species in contact with the 
ettringite’s surfaces…………………………………………………………………......... 160
 
Table 7-1. Adsorption statistics calculated from the atomic density profiles of water 
molecules in contact with [0.5SO4.3H2O]- substrate…………………………………….. 187
 
Table 7-2. Adsorption statistics calculated from the atomic density profiles of water 
molecules in contact with [Ca2Al(OH)6]+ substrate……………………………………... 187
 
Table 7-3. Adsorption statistics calculated from the atomic density profiles of chloride 
ions in contact with [Ca2Al(OH)6]+ substrate……………………………………………. 188
 
Table 7-4. Adsorption statistics calculated from the atomic density profiles of sodium 
ions in contact with [0.5SO4.3H2O]- substrate…………………………………………... 188
 
Table 7-5. Self-diffusion coefficients of 1.5 M NaCl solution species in contact with the 
basal surfaces of monosulfoaluminate…………………………………………………… 203
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiv 
 
ACKNOWLEDGMENTS 
 
     My deepest gratitude goes to my advisor, Professor Behrouz Shafei, not only for his invaluable 
technical advice in this study, but also for his unwavering support, passion, and encouragement 
throughout my doctoral journey.   
     I would like to express my sincerest gratitude to Professors Alice Alipour, In Ho Cho, Kejin 
Wang, and Richard LeSar, the members of my Ph.D. committee, for their valuable guidance, 
perspective, and commentary throughout my research project.  
     Also, I would like to acknowledge Drs. Tao Cheng and Andres Jaramillo-Botero (California 
Institute of Technology), Dr. Adri van Duin (Pennsylvania State University), and Dr. Andrey 
Kalinichev (Université de Nantes, France) for their feedback and discussions which greatly helped 
part of the research presented in this dissertation.  
     The support from the Extreme Science and Engineering Discovery Environment (XSEDE), 
sponsored by National Science Foundation grant number ACI-1548562, which was used for part 
of the atomistic simulations conducted in this study, is gratefully appreciated.  
     For their friendship, support, and collaborative spirit, I am thankful to my fellow graduate 
students working in the Department of Civil, Construction, and Environmental Engineering at 
Iowa State University.  
     Last but not least, I would like to thank my beloved parents and siblings for their endless love 
and support throughout my Ph.D. work. Although I have not had the chance to visit them since the 
beginning of my graduate studies, they have always been in my heart and mind. Knowing that they 
are proud of my academic accomplishments is of my greatest inspirations.  
 
 
xv 
 
ABSTRACT 
 
     Despite the significant amount of concrete produced worldwide, there are long-standing issues 
with the long-term performance of concrete structures and facilities subjected to the mechanical 
and environmental stressors. To settle these issues, it is first imperative to understand the structural 
hierarchies and heterogeneous characteristics of concrete. While the structure of concrete at large 
length scales have been widely investigated in the literature, little knowledge is available about the 
structure, composition, and properties of the smallest building blocks of concrete, i.e., hydrated 
cement paste (HCP). This is mainly due to the complexities involved in the atomic structure of 
HCP phases that are often difficult to be characterized using conventional experimental methods. 
Atomistic simulations, however, can offer a promising solution, which not only plays a critical 
role to further interpret the experimental test results, but also advances the fundamental knowledge 
that is not accessible otherwise.  
     In this dissertation, a robust bottom-up computational framework supported with experimental 
test data is established to address three categories of research needs. These research needs 
seamlessly connect the atomic structure of cement-based systems to the long-term performance of 
concrete structures at the macroscale. The first category of research needs attempts to understand 
the interplay between the structure and properties of the crystalline HCP phases, including 
portlandite, and the AFt and AFm phases. The second category of research needs deals with the 
characterization of the magnitude, sign, and directionality of the mechanical stresses produced as 
a result of the formation of the secondary sulfate-bearing minerals during the chemical sulfate 
attack reactions. Lastly, the third category of research needs is associated with the identification 
of the atomistic processes underlying the diffusion of water molecules and chloride ions at the 
interfaces of the main aluminum-rich phases in HCP.  
xvi 
 
     The outcome of this study (1) will extend the fundamental knowledge about the structure, 
dynamics, and properties of the HCP phases at the nanoscale, (2) will offer an invaluable addition 
to the existing experimental test data, and (3) can directly contribute to understanding and 
controlling the long-standing issues due to the deterioration of concrete structures subjected to the 
mechanical and environmental stressors.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Overview  
     Concrete, the structural backbone of our infrastructure, is the most versatile and commonly 
used construction material in the world. In the United States and considering only the amount of 
the ready-mixed concrete sold annually, concrete production is estimated to contribute up to $35 
billion to the economic cycle (NRMCA, 2017). Despite the rising size of the concrete industry, 
there are serious challenges in the long-term performance of the structures and facilities made of 
concrete.   
     Depending on the application, concrete structures and facilities might be exposed to a broad 
spectrum of external environments such as soil, groundwater, wastewater, and seawater, many of 
which cause the material to undergo detrimental physical and/or chemical processes that can 
adversely affect the long-term strength and durability of concrete. The durability of concrete is 
defined as its ability to resist mechanical and environmental stressors while maintaining its desired 
engineering properties. The environmental stressors include, but are not limited to, chemical 
attacks, biological processes, elevated temperatures, and weathering actions that can lead to the 
deterioration of concrete structures. Among the environmental factors, the attack of chemical 
compounds such as acids, carbonates, chlorides, and sulfates are the most destructive processes 
that can degrade the physical and/or chemical properties of concrete, leading to costly repair, 
maintenance, and replacement. The annual repair, protection, and retrofitting costs for the concrete 
structures in the U.S. are estimated to be between $18 and $21 billion (ACI 562-16). Development 
of durable concrete reduces its environmental impact by both decreasing the amount of cement 
used and prolonging the service life of concrete structures, which saves on energy and resources 
associated with their maintenance repair, and replacement. 
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1.2 Research Needs and Motivations 
     The existing issues concerning the long-term performance of concrete structures have been 
translated into a number of research needs and questions. In this section, three categories of 
research needs are elaborated that together represent the main motivations of this dissertation. 
These research needs stand at the interface of a number of disciplines from structural engineering 
and solid mechanics to materials science and engineering.  
The first category of the research needs attempts to enhance the sustainability of cementitious 
materials with the aim of reducing their carbon footprint. One of the main hypothesis of this 
research is that improving the physical and chemical properties of concrete can lead to a major 
increase in the durability of concrete structures, which helps save energy and reduce cement 
production. Nonetheless, to develop a high-performance concrete with enhanced engineering 
properties, it is first imperative to understand the mechanical, thermal, and chemical characteristics 
of hydrated cement paste (HCP). HCP binds the fine and coarse aggregates together and directly 
contributes to the stiffness, strength, and durability properties of concrete. 
HCP is composed of several phases formed as a result of a number of chemical reactions 
between cement clinker and mixing water. The HCP phases are often categorized into four major 
groups: poorly crystalline calcium silicate hydrates (C-S-H gel), crystalline phases of calcium 
hydroxide (portlandite), calcium aluminate monosulfate hydrates (AFm), and calcium aluminate 
trisulfate hydrates (AFt). The C-S-H gel constitutes 50-60% of the total volume of the solid HCP. 
This percentage changes to 20-25% for portlandite and 15-20% for the AFm and AFt phases 
combined. Among the hydration products, the structure and properties of the C-S-H gel, a 
mesoporous amorphous phase with unfixed stoichiometry, have been widely investigated in the 
literature (e.g., Allen et al., 2007; Jennings, 2008; Richardson, 2008; Pellenq et al., 2009; Dolado 
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et al., 2011; Qomi et al., 2014). Nevertheless, the mechanical, thermal, and chemical characteristics 
of the other HCP phases, such as portlandite, as well as the AFt and AFm phases, are still not fully 
known. It is worth noting that although the AFt and AFm phases, i.e., the most abundant 
aluminum-rich species in HCP, contribute only up to 15-20% of the total volume of the OPC paste, 
they are the dominant hydrated products of the calcium sulfoaluminate (CSA) cement. The CSA 
cement is considered as an environmentally-friendly alternative to the OPC cement because the 
firing temperature to produce the former is 200 °C lower than the latter one’s (Ali et al., 1994; 
Winnefeld and Lothenbach, 2010; Telesca et al., 2014).  
This dissertation provides the first-known effort to characterize the relation between the 
structure and properties of portlandite and the aluminum-rich phases present in OPC and CSA 
cement pastes. This research offers an invaluable fundamental knowledge essential to introduce 
strategies to enhance the intrinsic properties of concrete made with OPC and CSA types of cement. 
Furthermore, the mechanical, thermal, and chemical properties determined in this study can be 
directly utilized in the available finite element and phase field models of cementitious materials at 
the macro- and micro-level, respectively.   
The second category of the research needs deals with the understanding of deterioration 
mechanisms in concrete structures and facilities subjected to sulfate-rich service environments. 
Sulfate ions can be possibly present in the concrete mixing materials, such as cement, aggregate, 
mixing water, and chemical/mineral admixtures. In this case, the attack is often defined as “Internal 
Sulfate Attack” (ISA). It is also possible that the sulfate ions are originated from the external 
environment in which the concrete structure is exposed to, such as contaminated groundwater, 
soils, atmospheric pollution, and sewage systems, to name a few. This type of attack is often 
classified as “External Sulfate Attack” (ESA).  
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It has been documented that the external sulfate ions can attack concrete structures through a 
number of chemical and/or physical processes (Chabrelie, 2010; Whittaker and Black, 2015; 
Batilov, 2016). While the former generally involves chemical reactions between sulfate ions and 
the HCP phases (Chabrelie, 2010), the latter is attributed to the phase change processes in the 
penetrating sulfate compounds (Suleiman, 2014). As a result of chemical sulfate attack (CSA), 
which is one of the primary focuses of this dissertation, a number of secondary sulfate-bearing 
minerals such as ettringite and thaumasite are formed. Despite decades of research, however, the 
mechanism of deterioration is still under debate (Mehta and Monteiro, 1993; Taylor et al., 2001; 
Santhanam et al., 2002 and 2003; Collepardi, 2003; Neville, 2004; Whittaker and Black, 2015). 
This triggers the second set of research needs to be addressed in this dissertation. To this end, the 
structural, thermal, and mechanical properties of these secondary sulfate-bearing minerals are 
fully characterized. Moreover, the magnitude, sign, and directionality of the mechanical stresses 
induced as a result of the formation of ettringite and thaumasite are investigated in detail. Lastly, 
the full plane-stress yield surface fitted to the mechanical responses of these minerals are 
identified. The fundamental knowledge obtained from this study can be ultimately used to control 
the expansion, spalling, and loss of strength caused by the formation of ettringite and thaumasite 
during chemical sulfate attack.  
The third category of the research needs is associated with the durability of concrete structures 
subjected to chloride attack. It is known that the corrosion of steel bars in reinforced concrete 
structures attacked by chloride compounds is the most long-standing issue in, particularly, the 
structures and facilities exposed to seawater, deicing compounds, and saline environments such as 
underground, highway, and marine structures (Alipour et al., 2011 and 2013; Shafei et al., 2012 
and 2013; Shafei and Alipour, 2015a,b). The chloride ions can also have internal sources including 
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contaminated aggregates, mixing water, and admixtures that contain chloride (e.g., calcium 
chloride). In chloride contaminated concrete structures, a substantial amount of free chloride ions 
in the cement pore solution diffuses toward the reinforcing steel embedded in the concrete matrix 
to resist tensile stresses. Once the chloride ions reach the steel reinforcing bars, the pH decreases, 
the protective film is disrupted, and the pitting corrosion is initiated. Such chemical reactions 
produce a layer of porous materials around the reinforcing steel with less strength and larger 
volume compared to those of the original steel. This decreases the bond between concrete and steel 
(Fang et al., 2006), reduces strength (Du et al., 2005) and forms microcracks (Andrade et al., 1993; 
Vidal et al., 2004) that all together lead to the deterioration of the concrete structures.  
While the corrosion of reinforcing steel bars, and the consequent degradation of concrete 
caused by chloride attack, are well documented in the literature, there are still several research 
questions that have remained unanswered.  It is widely accepted that the aluminum-rich phases of 
HCP play a substantial role in controlling the chloride attack processes, however, the mobility and 
transport properties of chloride ions and water molecules in contact with those phases have been 
poorly understood. Thus, it is necessary to investigate the extent to which the chloride ions are 
free to diffuse within the pore spaces in comparison to the ones bounded to the surfaces of the 
aluminum-rich phases of HCP. Furthermore, the current literature falls short in explaining the 
physico-chemical processes underlying the adsorption of chloride ions and water molecules to the 
basal surfaces of the aluminum-rich species in HCP. To address the standing research questions 
raised above, this dissertation aims to obtain a fundamental understanding of the physical and/or 
chemical interactions between chloride ions and the reactive surfaces of the aluminum-rich phases 
of HCP. The outcome of this study helps unravel the atomistic origins of the chloride binding 
capacity of different cementitious phases. This, together with the structural and dynamics 
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properties, such as diffusion coefficients and chloride binding isotherms, determined in this study 
can be used by the cement industry to refine the microstructure of cement products with the aim 
of eliminating (or minimizing) the deteriorations due to chloride attack.  
1.3 Research Approach and Objectives 
The identified research needs can be pursued at various length scales, spanning from the scale 
of the atomic structures of cementitious materials all the way to the macroscale level that includes 
the structural elements made of concrete. The smallest length scale features a few atoms or below 
and the Schrödinger equation is employed to describe the evolution of a quantum state with time. 
At the mesoscale, the dynamic of a system composed of thousands of atoms and molecules is 
investigated by time integration of Newton’s equations of motion. This approach is based on the 
detailed description of the chemical bonding between various atoms, and the interactions of 
different chemical compounds and molecules. At the large length scales, the theories of continuum 
mechanics are applied to develop constitutive relationships used to describe the system behavior. 
This dissertation aims to obtain and sieve the fundamental information at the nanoscale to explain 
the response of concrete structures and facilities subjected to the mechanical and environmental 
stressors. To this end, it is first imperative to understand the hierarchical structure of concrete 
across various length scales. 
     In concrete, the structural features differ substantially across different length scales (Figure 1-
1). At the macroscale (≥ 10-3 m), concrete can be taken as a material containing mainly fine and 
coarse aggregates, as well as the cement matrix. At the microscale (~10-6 - 10-3 m), the 
heterogeneous material is composed of various HCP phases (mix of water and cement), unhydrated 
clinker, and pore spaces. Concrete at the nanometer length scale (~10-9 - 10-6 m) is mostly 
composed of the HCP phases and some nanopores. For instance, the layered structure of a 
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synthesized C-S-H gel is clearly observed with an inconceivable resolution of 5 nm from the latest 
transmission electron microscope (TEM) image (Figure 1.1). Finally, the basic building blocks, 
i.e. the distribution and arrangement of atoms, water, and ions existing in the nanopores, and 
chemical bonds present in the atomic structures of the HCP phases fall within the atomic length 
scale (~10-10 - 10-9 m).  
 
Figure 1-1. Hierarchical structure of concrete across various length scales.  
Image Credits: Level Å from Pellenq et al. (2009); Level nm from Taylor et al. (2015); 
Level μm from Stutzman (2001), Levels mm and cm from Garboczi and Bentz (1996). 
 
While a detailed information about the atomic structure of the cement paste is not needed for 
an engineering design process, the macroscopic mechanical, thermal, and chemical characteristics 
of concrete are truly the consequences of the atomic arrangements and interatomic interactions in 
the structure of the HCP phases at the nanoscale. Despite decades of continuous research, the 
interplay between the structure and properties of concrete have not been fully understood. This is 
mainly due to the complexities involved in the structure of concrete at the small length scales that 
are often difficult to be characterized using conventional laboratory facilities. Atomistic 
simulations, however, can offer a promising solution, which not only plays a critical role to further 
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interpret the experimental test results, but also advances the fundamental knowledge that is not 
accessible otherwise.  
This dissertation aims to develop a robust atomic-scale computational framework supported 
by experimental tests to address three main research needs and questions: (1) understanding the 
interplay between the structure and properties of the crystalline HCP phases including portlandite, 
and the AFt and AFm phases, (2) characterizing the magnitude, sign, and directionality of the 
mechanical stresses produced as a result of the formation of the secondary sulfate-bearing minerals 
(i.e., ettringite and thaumasite) during the chemical sulfate attack reactions, and (3) identifying the 
atomistic processes underlying the diffusion of water molecules and chloride ions at the interfaces 
of the main aluminum-rich phases in HCP.  
In this work, a systematic approach is established to benefit from a variety of atomistic 
simulation methods, which are employed based on their individual capabilities to solve the 
research problems highlighted above. The atomistic simulation results are validated with the 
available experimental test data in the literature obtained from nuclear magnetic resonance, small 
angle neutron scattering, and X-ray diffraction methods. It is believed that the fundamental 
knowledge obtained in this dissertation could ultimately pave the way to design a more sustainable 
cementitious material with improved engineering properties. 
1.4 Dissertation Outline 
     The theme of this dissertation is paper-based, in which each chapter contains all the necessary 
components of a research article including introduction, literature review, computational 
methodology, results, discussions, conclusions, and bibliography.  
     Following the introductory chapter, Chapter 2 presents the mechanical failure mechanisms of 
the aluminum-rich species in HCP such as hydrogarnet (a stable calcium hydroaluminate phase), 
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ettringite (AFt or calcium aluminate trisulfate) and monosulfoaluminate (AFm or calcium 
aluminate monosulfate). The aluminum-rich species are formed as a result of a number chemical 
reactions between tricalcium aluminate and water. Through an extensive set of reactive molecular 
dynamics (RMD) simulations, the mechanical response of these crystalline structures is examined 
under uniaxial tensile strains. The mechanical properties of the aluminum-rich species are fully 
characterized by the obtained stress-strain curves. Through performing chemical bond and 
structural damage analysis, the atomistic origins of failure mechanisms under high tensile strains 
are determined.  
In Chapter 3, the structural, thermal, and mechanical properties of portlandite (calcium 
hydroxide) are characterized using the classical molecular dynamics (MD) method. The properties 
obtained by the MD simulations are validated with those available from the experimental tests. 
The mechanism of mechanical failure for different crystallographic directions is identified. The 
energy of the fractured surfaces and that of the ideal surfaces are determined to predict the plastic 
energy necessary to cause the fracture in the atomic structure of portlandite. The effect of 
temperature and strain rate on the stress-strain response of portlandite under tensile strains is 
investigated. A constitutive relationship is then derived to couple the strain rate and temperature 
with the fracture strength of portlandite.  
     Chapter 4 aims at investigating the mechanical response of thaumasite (calcium silicate 
carbonate sulfate hydrate) under various temperatures and strain rates using RMD simulations. 
Thaumasite is one of the main sulfate-bearing species formed as a result of the chemical reactions 
taking place during sulfate attack. With employing a first-principles based reactive force field, the 
RMD simulations enable the description of bond dissociation and formation under realistic 
conditions. A comprehensive chemical bond analysis is performed to reveal the bonds responsible 
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for the mechanical strength of thaumasite. Moreover, the stress-strain curves of thaumasite are 
generated in different crystallographic directions and the tensile strength, Young’s modulus, and 
fracture strain are determined.  
     Chapter 5 discusses the atomistic origins of strength anisotropy and tension-compression 
asymmetry in ettringite and thaumasite, which are the main secondary sulfate-bearing phases 
formed during the attack of sulfate compounds to concrete structures. Through a set of RMD 
simulations, the effect of strain directionality is fully captured in this study for the first time by 
subjecting the atomic structures of ettringite and thaumasite to various multiaxial strain conditions. 
The atomistic processes underlying the mechanical response of these sulfate-bearing phases in 
different straining conditions are determined. A yield criterion is introduced to captures the 
intrinsic features observed from the constitutive responses of ettringite and thaumasite under plane 
stress biaxial straining conditions.   
     Chapters 6 and 7 present the structure, orientation, and dynamics of water molecules and 
chloride anions at the basal surfaces of ettringite and monosulfoaluminate, which are the main 
crystalline minerals representing the AFt and AFm phases in HCP, respectively. An aqueous layer 
containing various concentrations of sodium chloride solution is sandwiched between the basal 
surfaces of these aluminum-rich phases. The MD simulations at constant temperature and volume 
provide an in-depth insight into the mechanisms of adsorption of water and ions at the inner- and 
outer-sphere distances from the basal surfaces of ettringite and monosulfoaluminate. Moreover, 
the physical adsorption, binding capacity, and self-diffusion coefficient of water molecules and 
chloride ions are determined.  
     In the end, Chapter 8 presents a summary of the research outcome and contributions. Moreover, 
future research and development directions are suggested to close the dissertation.  
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CHAPTER 2: MECHANICAL FAILURE MECHANISMS OF HYDRATED PRODUCTS 
OF TRICALCIUM ALUMINATE: A REACTIVE MOLECULAR DYNAMICS STUDY 
 
     The hydrogarnet, ettringite, and monosulfoaluminate crystals are known as the most important 
hydrated products of tricalcium aluminate, a major phase of ordinary cement with applications as 
a sustainable binder material. To understand the mechanical strength and performance of this 
important category of materials under external loads, the atomic structures of them are investigated 
at the nano-scale in the current study. Through an extensive set of reactive molecular dynamics 
simulations, the mechanical behavior of the representative crystalline structures is examined under 
uniaxial tensile strains and the corresponding stress-strain curves are obtained. The effects of strain 
direction and rate on the stress-strain behavior are particularly investigated. From the stress-strain 
curves, both elastic and plastic response of the hydrated phases of tricalcium aluminate are 
determined. A comprehensive chemical bond and structural damage analysis is also performed to 
characterize the failure mechanisms under high tensile strains.  
2.1 Introduction 
     Tricalcium aluminate (CaଷAlଶO଺), which is also referred to as CଷA according to the cement 
chemistry notation (where	C ൌ CaO and	A ൌ AlଶOଷ), constitutes up to 15 wt. % of Portland cement 
clinkers. It is also a major phase of cements commonly used for dental root filling. During the 
hydration process, CଷA rapidly reacts with water, and as a result, the calcium hydroaluminate 
phase, which is known as hydrogarnet (CଷAH଺ where	H ൌ HଶO), is formed (Lea and Hewlett, 
1998). This reaction, however, is not desired because the formation of hydrogarnet increases the 
stiffness and adversely affects the workability of cement paste. To avoid this situation, retardants 
such as Gypsum (CSതHଶ where Sത ൌ 	 SOଷሻ are added to cement clinkers to reduce the rate of the 
reaction of CଷA with water. Gypsum is highly soluble and releases calcium and sulfate ions into 
the pore solution. The presence of sulfate ions causes CଷA to undergo a different chemical reaction 
12 
 
that produces the calcium trisulfoaluminate phase, which is referred to as mineral ettringite 
(C଺ASതଷHଷଶ). If gypsum is completely consumed before	CଷA, the concentration of sulfate ions 
decreases drastically, CଷA starts consuming ettringite, and solid phases containing fewer sulfate 
ions are formed. As a result of such reactions, monosulfoaluminate (CସASതHଵଶ) is produced (Taylor, 
1997). However, if a new source of sulfate ions becomes available (e.g., from ground water, sea 
water, or soil), it will be thermodynamically favorable to form ettringite again, just as it was 
initially, through the consumption of the existing monosulfoaluminate (Taylor et al., 2001). In this 
case, since the replacing ettringite occupies a volume larger than the original monosulfoaluminate, 
expansive stresses are created, which may cause undesirable cracking and deterioration of 
cementitious materials (Mehta and Monteiro, 1993). This highlights the importance of the current 
study as CଷA and its reactions with other chemical species during cement hydration can result in 
the formation of the products that directly affect the structural evolution and mechanical properties 
of the hydrated cement paste. 
     Tricalcium aluminate also exists in calcium sulfoaluminate (CSA) cements, an environmentally 
friendly alternative to ordinary cement (Pera and Ambroise, 2004). The firing temperature to 
produce the CSA cements is 200 °C lower than that for ordinary Portland cement. This results in 
more sustainable cements as a substantial reduction in the emissions of CO2 is achieved (Ali et al., 
1994). Ettringite is the most important binding phase of CSA cements and depending on the other 
phases available, a range of hydration products, such as calcium-silicate-hydrates, monosulfate, 
monocarboaluminate, and hydrogarnet are formed (Winnefeld and Lothenbach, 2010). Another 
potential application of the CSA cements is their use as a binder for hazardous waste encapsulation 
(Chrysochoou and Dermatas, 2006). In this application, the divalent and trivalent metals, such as 
Cu, Cr, Cd, Pb, Zn, and Fe can be stabilized by occupying the positions of the calcium and 
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aluminum atoms present in the hydration products of the CSA cements (Albino et al., 1996). 
Moreover, oxyanions, such as B(OH)4-, CrO42-, MoO42-, and SeO42-, can be removed from 
wastewater through the channels that exist between the C3A columns of ettringite (Zhang et al., 
2003).   
     To address the structural response issues from one side and requirements for the efficient 
stabilization of heavy ions from the other side, it is essential to investigate the CଷA hydrated phases 
when they are subjected to an external mechanical force. A review of the existing literature 
indicates that the past efforts have been mainly focused on the other phases of hydrated cement 
paste, especially calcium silicate hydrates (C-S-H). For example, Pellenq et al. (2009) proposed a 
detailed model for the atomic structure of the C-S-H gel and obtained the corresponding shear 
stress-strain relationship through Molecular Dynamics (MD) simulations. This study identified the 
hydrolytic weakening effect from the interlayer water molecules as one of the main causes of 
failure under large strains. The tensile stress-strain relationship of the C-S-H gel was later reported 
by Hou et al. (2014a and 2015) using both classical and Reactive Molecular Dynamics (RMD) 
simulations. The latter studies examined the mechanical response and chemical reactions of the C-
S-H gel with different compositions expressed in terms of Ca/Si ratio. It was found that the 
breakage of silicate chains together with the penetration of water molecules adversely affect the 
stiffness and cohesive energy of the C-S-H gel. Moreover, the effect of water content on the 
structure, dynamics, and mechanical properties of the C-S-H gel was investigated. Through MD 
simulations, it was revealed that the structural water molecules weakens the stiffness and cohesive 
energy of the C-S-H gel as they replace the strong ionic-covalent bonds with unstable H-bond 
connections.  
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     The current study presents one of the first-known efforts to understand the mechanical response 
and failure mechanisms of hydrogarnet, ettringite, and monosulfoaluminate. Contrary to the case 
of C-S-H gel, only few studies have been conducted to characterize the mechanical properties of 
the aluminum-rich species of hydrated cement paste: Speziale et al. (2008) estimated the elastic 
properties of single-crystal ettringite, including all the adiabatic elastic constants and acoustic 
velocities, using the Brillouin spectroscopy in the ambient conditions. Through separate efforts, 
Manzano (2009) and Hajilar and Shafei (2014 and 2015) employed Molecular Mechanics and 
Molecular Dynamics methods to characterize the elastic properties of a range of cement phases, 
including hydrogarnet, ettringite, and monosulfoaluminate. While the listed studies contributed to 
understand the mechanical properties of the	CଷA hydrated phases in the elastic regime, where 
deformations are small and reversible, very limited information on the mechanical properties of 
these three phases beyond the elastic regime is available. At this time, Liu et al. (2012) is the only 
study in the literature that utilized a reactive force field (ReaxFF) to evaluate the elastic, plastic, 
and failure response of ettringite at the nano scale. The study reported that the Ca-O bonds are 
responsible for the failure of the calcium sulfate and tricalcium aluminate columns in ettringite 
under external strains. Liu et al. (2012), however, was only focused on ettringite and did not 
investigate the other important aluminum-rich phases, such as hydrogarnet and 
monosulfoaluminate. Furthermore, the sensitivity of response predictions to the strain rate was not 
examined by Liu et al. (2012).   
     In this study, the RMD simulation method is used to evaluate the mechanical behavior of all 
the hydrated phases of CଷA under tensile strains. For this purpose, the crystalline structures of 
hydrogarnet, ettringite, and monosulfoaluminate are constructed at the atomic scale. The hydrated 
phases of CଷA crystals are subjected to tensile strains to generate the stress-strain curves, which 
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can be immediately employed to interpret both elastic and plastic behavior of the materials of 
choice. The effect of the direction of straining on the stress-strain behavior is also evaluated to 
understand the corresponding anisotropic properties. Since the obtained results depend on the 
strain rate, a wide range of strain rates from 0.0005/ps to 0.01/ps are evaluated in this study. From 
the generated stress-strain curves, the mechanical properties of the hydrated phases of CଷA are 
characterized under three strain directions and four strain rates. Subsequently, a comprehensive 
bond analysis is performed to find the correlation between the formation and/or breakage of the 
chemical bonds and the stress-strain curves. A separate structural damage analysis is also 
conducted to investigate the extent of damage to the crystalline structures of the hydrated phases 
of CଷA under axial strains. The failure mechanisms for each crystalline structure stretched in three 
main directions are identified and discussed in detail. The presented results are expected to directly 
contribute to understand how the strength and stiffness of the CଷA hydrated phases can be improved 
based on the fundamental mechanical behavior captured at the atomic scale. 
2.2 Hydrated Products of Tricalcium Aluminate 
2.2.1 Hydrogarnet 
     Hydrogrossular is a calcium-aluminum garnet,	CaଷAlଶሺSiOସሻଷି௑ሺOHሻସ௑, with variable 
stoichiometry where	0 ൑ ܺ ൑ 3. In the hydrogrossular series, hydrogarnet is the Si-free end 
member with X = 3. This means that the	Siସା	is missing from the tetrahedral sites of the atomic 
structure of hydrogarnet. The charge balance, however, is maintained by bonding a	Hା	to each of 
the four oxygen atoms surrounding the vacant site. In other words, the hydrogarnet crystal is 
obtained from the isomorphic replacement of ሺSiOସሻସି by ሺOHሻସସି. As discussed earlier, 
hydrogarnet is formed as a result of the reaction of	CଷA with water. This reaction is very fast and 
known as flash setting, during which a large amount of heat is released causing the paste to set 
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within few minutes after mixing. The flash setting is not desired as it adversely affects the rheology 
of the paste at early ages, reduces the workability of the paste, and prevents the homogeneity of 
the mix. The hydration reaction of tricalcium aluminate can be expressed as: 
2CଷA ൅ 21H → CସAHଵଽ ൅ CଶAH଼ → 2CଷAH଺ ൅ 9H	                      (2-1)                      
     The first products, i.e., CସAHଵଽ and CଶAH଼ are unstable calcium hydroaluminates, which 
rapidly evolve to hydrogarnet (Lea and Hewlett, 1998). To prevent flash setting, retardants such 
as gypsum are added to Portland cement. Thus, the contribution of hydrogarnet is typically less 
than 2% of the total weight of the cement paste and it can be mainly found in the older pastes made 
of calcium aluminate cements or warm cured Portland cements (Taylor, 1997; Paul and Glasser, 
2000). The crystalline structure of synthetic hydrogarnet has been characterized by Lager et al. 
(1987) using Neutron and X-ray diffraction tests. The characterization data show two different 
cation environments in the atomic structure of hydrogarnet. The calcium atoms are each eight-
coordinated and have triangular dodecahedra sites. On the other hand, the aluminum atoms are 
each six-fold octahedrally coordinated to six hydroxyl groups. The chemical constitution of 
hydrogarnet is	CaଷAlଶሺOHሻଵଶ and its cubic unit cell has a space group of	ܫܽ3ത݀. Figure 2-1 shows 
the cubic unit cell of hydrogarnet.   
 
 
Figure 2-1. The unit cell of hydrogarnet.  
(Green: Ca; Pink: Al; Red: O; White: H) 
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2.2.2 Ettringite 
     During the early stages of hydration of Portland cement, ettringite is formed as a result of the 
reaction of water and tricalcium aluminate in the presence of a calcium sulfate source like gypsum. 
Gypsum is typically added to Portland cement to prevent rapid setting while improving strength. 
This reaction is called early ettringite formation (EEF) as shown below: 
CଷA ൅ 3CSതHଶ ൅ 26H → C଺ASതଷHଷଶ	              (2-2) 
     After all the available gypsum clinker is depleted, the reaction of water and CଷA consumes 
ettringite and forms a secondary product called monosulfoaluminate with a lower sulfate content 
compared to ettringite. Despite the formation of monosulfoaluminate, it should be noted that a 
considerable amount of ettringite crystals still exists in the mature cement paste and contributes to 
its mechanical characteristics (Taylor et al., 2001). Ettringite may also be formed in the mature 
cement paste through two other processes known as sulfate attack and delayed ettringite formation 
(DEF). Sulfate ions penetrating into the concrete from the outside environment (e.g., sulfate-rich 
water and soil) react with calcium hydroxide and monosulfoaluminate, two other phases of the 
hydrated cement paste, to form new ettringite crystals. Furthermore, if the cement paste is exposed 
to a temperature higher than 70˚ C, monosulfoaluminate releases aluminum and sulfate ions. The 
aluminum ions are likely to enter into the structure of the C-S-H gel. Therefore, when the 
temperature decreases again, the Alଷା/SOସଶି ratio decreases and the ettringite is formed. The latter 
process of the ettringite formation can cause expansion and consequently cracking of the cement 
paste (Mehta and Monteiro, 1993). This reaction can be represented as follows: 
CସASതHଵଶ ൅ 2CSതHଶ ൅ 16H → C଺ASതଷHଷଶ              (2-3) 
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     Ettringite has rod-like or needle-shape morphology with the chemical composition of 
Ca଺ሾAlሺOHሻ଺ሿଶሺSOସሻଷ. 26HଶO. The structure of the ettringite crystal has been fully characterized 
in the literature (Moore and Taylor, 1968; Hartman and Berliner, 2006). A distinct aspect of this 
crystal is the existence of an extensive network of hydrogen bonds along a central column of 
aluminum and calcium polyhedra. The aluminum atoms are each six-fold, octahedrally 
coordinated with six hydroxyl groups. The calcium atoms, on the other hand, are each eight-fold 
coordinated with four hydroxyl groups and four water molecules. The excess charge of the 
columns is neutralized with the sulfate ions that exist in the channels between them. Ettringite has 
a trigonal unit cell with a space group of ܲ31ܿ	and a density of 1.8 g/cm3 (Figure 2-2). 
(a) (b) (c) 
 
 
Figure 2-2. (a) Unit cell of ettringite, (b) configuration of the ۱૜ۯ columns parallel to the z 
axis, and (c) arrangement of the ܁۽૝૛ି groups and water molecules in the intercolumn 
channels. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
 
2.2.3 Monosulfoaluminate 
     Monosulfoaluminate has a higher ratio of aluminum to calcium atoms in comparison with 
ettringite. In the early stages of the hydration process of Portland cement, when the sulfate source 
is consumed and the alumina content decreases, ettringite is dissolved and monosulfoaluminate is 
formed as: 
2CଷA ൅ C଺ASതଷHଷଶ ൅ 4H → 3CସASതHଵଶ	            (2-4) 
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     On the other hand, by the sulfate attack, when the alumina content increases, 
monosulfoaluminate is dissolved and new ettringite is formed. Therefore, the monosulfoaluminate 
phase in the cement paste is highly linked to the ettringite content. The layered structure of 
monosulfoaluminate is derived from that of calcium hydroxide, but with one-third of the calcium 
ions replaced by	Alଷା. The water content in monosulfoaluminate ranges from 12 to 18 (Taylor, 
1997). While the atomic structure of monosulfoaluminate with low water content has not been 
characterized yet, the structure of monosulfoaluminate with 18 water molecules in the interlayer 
space has been found to have a natural analogue called kuzelite. The crystalline structure of 
kuzelite has been fully characterized by Allmann (1997). The main layer of kuzelite consists of 
the brucite-like cations of	ሾCaଶAlሺOHሻ଺ሿା. The calcium ions approach the HଶO molecule of the 
interlayer and become seven-coordinated. Furthermore, two possible positions of S ସܱଶି are 
replaced by two molecules of water in every other cell, which makes the remaining part of the 
interlayer disordered (Figure 2-3). Kuzelite with the chemical composition of 
ሾCaଶAlሺOHሻ଺ሿା. ሾ0.5SOସ. 3HଶOሿି has a trigonal unit cell, a space group of	ܴ3ത, and a density of 
2.0 g/cm3. 
(a) (b) 
 
Figure 2-3. (a) Unit cell of kuzelite and (b) the configuration of the ሾ۱܉૛ۯܔሺ۽۶ሻ૟ሿା layers 
perpendicular to the z axis as well as the ܁۽૝૛ି groups and water molecules in the 
interlayer. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
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2.3 Computational Methodology 
2.3.1 Reactive Force Field 
     Since the MD method is based on the calculation of particle motions, it is found well-suited to 
study the dynamics of deformation, crack growth, and eventually fracture (e.g., Liu and Wang, 
1999; Wunderlich and Awaji, 2001; Tsai and Tu, 2010; Xiao et al., 2015; Zhang et al., 2015). 
Nevertheless, the classical force fields are not capable of describing the chemical reactions that 
will be initiated due to large deformations. This issue has been addressed in the current study 
through RMD simulations using ReaxFF developed by van Duin et al. (2001). In ReaxFF, the 
harmonic bonds of classical MD is replaced by the bond orders and energies that depend on 
interatomic distances. This approach can capture the bond breakage and formation as the bonded 
interactions are allowed to decay smoothly to zero. The non-bonded Columbic and van der Waals 
interactions are calculated for all the atoms in the system using a screened taper function. The 
atomic charges are determined by the charge equilibrium (QEq) method (Mortier et al., 1986) and 
must be updated at each time step. The parameters of ReaxFF used in the current study can be 
directly obtained from Liu et al. (2012).  
2.3.2 Model Construction 
     RMD simulations are conducted in the current study using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS) package (Plimpton, 1995). Atomic models of the CଷA 
hydrated products are constructed in LAMMPS according to the latest crystallographic data. The 
lattice constants of the phases under consideration are presented in Table 2-1. While hydrogarnet 
crystalizes in a cubic crystal system, the ettringite and kuzelite crystals have a trigonal lattice (a, 
b and c axes). For the study of mechanical behavior, the trigonal unit cells of ettringite and kuzelite 
are transformed into orthorhombic cells (x, y and z axes) with the z axis parallel to the primitive c 
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axis. To maintain the periodicity of the new orthorhombic lattice, it is necessary to double the size 
in the a-axis direction. This results in a pseudo orthorhombic unit cell twice as large as the initial 
trigonal unit cell. The unit cell of each phase is then expanded in the three orthogonal directions 
to obtain larger simulation cells known as supercells. The supercell of hydrogarnet, ettringite, and 
kuzelite contain 3712, 2048, and 2544 atoms, respectively. A three-dimensional periodic boundary 
condition is applied to each of the supercells before the simulation begins (Allen and Tildesley, 
1987). The potential energy of the supercells is minimized at zero temperature to reduce residual 
stresses. To capture the chemical reactions and update the bond orders, all the simulations are 
performed with a time step equal to 0.25 fs (10-15 s). The supercells are equilibrated in the isobaric-
isothermal (NPT) ensemble for 50 ps (10-12 s) to reach the target equilibrium temperature and 
pressure of 300 K and zero atmosphere, respectively. The equations of motion are integrated via 
the Velocity-Verlet algorithm. During the equilibration stage, the convergence of a variety of 
parameters (e.g., total energy and its components, temperature, and pressure) is closely monitored.  
Table 2-1. Lattice parameters of hydrated products of ۱૜ۯ 
 
 a (nm) b (nm) c (nm) α (deg.) β (deg.) γ (deg.) 
Hydrogarnet a 1.2565 1.2565 1.2565 90 90 90 
Ettringite b 1.1167 1.1167 2.1354 90 90 120 
Kuzelite c 0.57586 0.57586 2.67946 90 90 120 
a Lager et al. (1987) 
b Hartman and Berliner (2006) 
c Allmann (1997) 
 
2.3.3 Uniaxial Tension Testing 
     Contrary to conventional macro-scale experiments, it is often found more convenient to control 
strain rather than stress in atomistic simulations. To determine the uniaxial stress-strain 
relationships, the relaxed supercell of each of the three crystals is strained along one of the three 
orthogonal directions (x, y, and z). The effect of strain rate on the mechanical properties of 
hydrogarnet, ettringite, and kuzelite is explored as well. To this end, the tensile strain rate applied 
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in this study ranges from 0.0005/ps to 0.01/ps. Under tensile strains, the positions of atoms in the 
straining direction are remapped to fit within the new dimension. To ensure capturing the Poisson’s 
effect, the directions perpendicular to the one under external strain are allowed to relax 
anisotropically. This can be achieved by using the NPT equations of motion at zero pressure in the 
lateral directions. Along the straining direction, the pressure evolution is considered as an internal 
stress. The application of tensile strain, which is repeated for all the three axes (x, y, and z), 
continues each time until the target strain of 0.50 is reached. By applying large strains, i.e., beyond 
the elastic limit, the full structural response of the CଷA hydrated products to tensile strains is 
captured. This makes it possible to analyze the mechanical failure mechanisms of hydrogarnet, 
ettringite, and kuzelite in different straining directions. The stress and strain in the straining 
direction are recorded to generate the stress-strain curves, which are used to characterize the 
mechanical properties of the crystalline structures under consideration. The changes in the size of 
supercells perpendicular to the straining direction are also monitored to calculate the 
corresponding Poisson’s ratios. For further chemical bond and structural damage analyses, 1,000 
strained structural configurations are recorded. The Open Visualization Tool (OVITO) package is 
utilized to demonstrate the simulation results (Stukowski, 2010). 
2.4 Stress-Strain Relationships 
2.4.1 Hydrogarnet 
     Hydrogarnet has a cubic unit cell with the structural features identical in all the three orthogonal 
directions. Because of the high symmetry present in the structure of hydrogarnet, the octahedral 
chains of ሾAlሺOHሻ଺ሿଷି and divalent Caଶା are uniformly distributed in the x, y, and z directions. 
This indicates that the mechanical behavior of hydrogarnet does not depend on the direction of 
applied strain. The stress-strain behavior of hydrogarnet in response to uniaxial tensile strain 
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applied at two strain rates of 0.001/ps and 0.0005/ps is shown in Figure 2-4. From the stress-train 
curves, it is found that stress increases with strain until it reaches a maximum value at which it 
abruptly drops to zero showing a brittle behavior. The stress-strain relationship, however, is found 
not reliable if a higher strain rate is employed. This is mainly because simulations with high strain 
rates will not allow the atoms to overcome the energy barriers that will result in bond breakage.  
 
 
Figure 2-4. Stress-strain behavior of hydrogarnet under uniaxial tensile strain in the x, y, 
and z directions. 
 
     The changes in the number of bonds during the dynamics of tensile straining have been 
monitored in the current study to obtain a detailed insight into the failure mechanism of 
hydrogarnet. Figure 2-5 shows the normalized number of Ca-O, Al-O, and H-O bonds as a function 
of the tensile strain applied to the crystalline structure of hydrogarnet. It is observed that the 
number of Ca-O bonds undergoes a significant change as strain increases while the number of H-
O bonds remain unchanged during the entire process. As for Al-O bonds, it is seen that the number 
of bonds does not change under small tensile strains. However, after the strain of 0.11 is reached, 
the number of Al-O as well as Ca-O bonds decreases and a fracture in the structure of hydrogarnet 
is initiated.  
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Figure 2-5. Changes in the number of bonds during the dynamics of mechanical straining 
of hydrogarnet.   
 
     A detailed structural damage analysis confirms that the breakage of Al-O and Ca-O bonds is 
primarily responsible for the mechanical failure of hydrogarnet under large tensile strains. Figure 
2-6 displays the formation of damage in the structure of hydrogarnet subjected to uniaxial tensile 
strains in the x direction. In the initial stage of straining, i.e., up to 0.11, there is no observable 
change in the crystalline structure of hydrogarnet. As tensile strain increases, two voids appear due 
to the breakage of Al-O and Ca-O bonds. By further increasing the tensile strain, the voids grow 
and then coalesce forming a large crack perpendicular to the direction of applied tensile strain. It 
is interesting to note that even when the structure of hydrogarnet undergoes a large tensile strain, 
a long tricalcium aluminate chain remains unbroken and links the two fractured surfaces. Similar 
behavior was observed in the C-S-H gel subjected to tensile strains in the y direction when a long 
calcium silicate chain remained even after the target strain of 0.8 was reached (Hou et al., 2014b).   
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Figure 2-6. Damage to the atomic structure of hydrogarnet under tensile strains in the x 
direction. The dashed line displays the stretched tricalcium aluminate chain that links the 
two fractured surfaces. Initial cell parameters: a = 5.026 nm, b = c = 2.513 nm, and α = β = 
γ = 90º. (Green: Ca; Pink: Al; Red: O; White: H) 
 
2.4.2 Ettringite 
     Unlike hydrogarnet, the mechanical behavior of ettringite is noticeably dependent on the 
direction of applied tensile strain. This is due to the fact that the structural features of ettringite in 
the x and y directions are different from those in the z direction. The stress-strain behavior of 
ettringite subjected to tensile strain in the three main directions is presented in Figure 2-7. In the x 
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and y directions, after the ultimate stress is reached, stress gradually decreases with increasing the 
applied tensile strain. In the z direction, however, stress drops abruptly after the ultimate stress is 
reached, reflecting a brittle mechanical behavior. Further to the mode of failure, the magnitude of 
the ultimate stress in the z direction is found greatly different from the magnitude obtained in the 
x and y directions. To evaluate the effect of strain rate on the stress-strain relationship, four 
different strain rates of 0.01/ps, 0.005/ps, 0.001/ps, and 0.0005/ps are examined and the results are 
reported in Figure 2-7. The outcome indicates that reliable predictions for the stress-strain 
relationship in ettringite can be still achieved even with increasing the strain rate to 0.01/ps.  
(a) (b) 
 
Figure 2-7. Stress-strain curves obtained for ettringite under uniaxial tensile strain in the  
(a) x and y, and (b) z direction. 
 
     The stress-strain relationship observed in different directions can be further understood using 
chemical bond analysis. The normalized number of Ca-O, Al-O, S-O, and H-O bonds at different 
tensile strains is presented in Figure 2-8. It can be seen that the number of Ca-O bonds changes 
significantly during the dynamics of tensile straining in all the three orthogonal directions. While 
the number of Al-O bonds in the x and y directions remains unchanged, this number experiences a 
sudden drop in the z direction when a strain level of 0.12 is reached. This observation can be 
supported by the fact that the covalent Ca-O bonds and high-energy Al-O bonds are expected to 
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contribute to resist the applied tensile strains as also reported by Liu et al. (2012). Contrary to Ca-
O and Al-O bonds, the number of S-O and H-O bonds do not undergo observable changes in any 
strain direction. This indicates the minimal contribution of these chemical bonds to resist the 
external tensile strain. 
(a) (b) 
 
Figure 2-8. Changes in the number of bonds during the dynamics of mechanical straining 
of ettringite in the (a) x and y, and (b) z direction.   
 
     To understand the failure mechanism in different directions, the process of formation of damage 
in the atomic structure of ettringite is monitored. Figure 2-9 shows this process under tensile strains 
in the z direction. At lower strains, there are no noticeable changes in the atomic structure of 
ettringite and an elastic response is recorded. However, when strain increases, particularly after 
the yield stress is reached, there are major changes in the position of divalent  Caଶା and trivalent  
Alଷି ions. This is mainly due to the breakage of the Ca-O and Al-O bonds, which creates local 
voids inside the atomic structure. By further increasing the applied strain, the local voids propagate 
and coalesce. This eventually leads to the breakage of the	CଷA columns into two halves and the 
loss of the entire structural capacity.  
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Figure 2-9. Damage to the atomic structure of ettringite under tensile strains in the z 
direction. Initial cell parameters: a = 1.934 nm, b = 2.233 nm, c = 4.271 nm, and α = β = γ = 
90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
 
     In the x and y directions, however, the failure mechanism is different. The SOସଶି groups and 
water molecules that are located at the interstices between the	CଷA columns provide structural 
stability to columnar conformation. Considering the similarities in the structural response of 
ettringite in the x and y directions, Figure 2-10 shows the progress of formation of damage to the 
atomic structure of ettringite under tensile strains in the y direction. As can be seen in this figure, 
after the Ca െ HଶO interactions are lost, the CଷA columns move apart from one another forming a 
large crack perpendicular to the strain direction. This results in a complete failure in the atomic 
structure of ettringite when the tensile strain is beyond 0.20.    
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Figure 2-10. Damage to the atomic structure of ettringite under tensile strains in the y 
direction. Initial cell parameters: a = 1.934 nm, b = 4.467 nm, c = 2.135 nm, and α = β = γ = 
90º.  (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
 
2.4.3 Kuzelite 
     Similar to ettringite, the mechanical behavior of kuzelite greatly depends on the direction of 
straining. Figure 2-11 shows the stress-strain curves for kuzelite under tensile strain in the three 
main directions. It can be observed that the stress-strain curves of kuzelite follow a similar shape 
in a sense that stress increases with strain and drops rapidly after the ultimate stress is reached. 
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The difference, however, is in the magnitude of recorded stress and strain values. The ultimate 
stress in the x and y directions is three to four times larger than that in the z direction.  
(a) (b) 
 
Figure 2-11. Stress-strain behavior of kuzelite under uniaxial tensile strain in the  
(a) x and y, and (b) z direction. 
 
     This significant difference is originated from the breakage and formation of Ca-O and Al-O 
bonds during the dynamics of tensile straining as reflected in Figure 2-12. This figure shows that 
the number of S-O and H-O bonds do not change under the applied tensile strain indicating that 
they have no major contribution to tensile resistance. A similar behavior has also been observed 
for ettringite as discussed earlier. Contrary to S-O and H-O bonds, the number of Ca-O bonds 
changes with strain highlighting the key role of the covalent Ca-O bonds in providing the tensile 
capacity of kuzelite. On the other hand, while the number of Al-O bonds remains constant in the z 
direction, the strong covalent-ionic Al-O bonds are stretched broken beyond 0.10 in the x and y 
directions. The improved tensile strength of kuzelite in the x and y directions can be attributed to 
the participation of both Ca-O and Al-O bonds when the tensile strain is applied.  
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(a) (b) 
 
Figure 2-12. Changes in the number of bonds during the dynamics of mechanical straining 
of kuzelite in the (a) x and y, and (b) z direction.   
 
     Kuzelite has a brucite-like layered structure, which consists of 	ሾCaଶAlሺOHሻ଺ሿା cations. The 
space between the layers is filled with the 0.5SOସଶି. 3HଶO groups that neutralize the charge of the 
system. As highlighted in the bond analysis, the S-O bonds in none of the three directions 
contribute to resist tensile strain. Therefore, the strong ሾCaଶAlሺOHሻ଺ሿା layers remain responsible 
for the mechanical behavior of kuzelite. Figure 2-13 shows the damage formation process in the 
structure of kuzelite in the x and y directions. The sequential breakage of the Ca-O and Al-O bonds 
results in the formation of local low-density regions in the 	ሾCaଶAlሺOHሻ଺ሿା layers. As the tensile 
strain increases, the low-density regions grow, coalesce, and large voids are formed. In the z 
direction, the Ca െ HଶO bonds are stretched broken as the tensile strain increases. This situation 
causes the	ሾCaଶAlሺOHሻ଺ሿା layers to move apart from one another, which creates a large crack in a 
plane perpendicular to the z direction (Figure 2-14). By further increasing the applied strain, the 
crack grows and significantly reduces the resistance against tensile strains. Therefore, the 
segregation of the 	ሾCaଶAlሺOHሻ଺ሿା layers can be considered as the cause of failure in the z 
direction.  
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Figure 2-13. Damage to the atomic structure of kuzelite under tensile strains in the y 
direction. Initial cell parameters: a = 1.995 nm, b = 4.607 nm, c = 2.679 nm, and α = β = γ = 
90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
 
 
 
Figure 2-14. Damage to the atomic structure of kuzelite under tensile strains in the z 
direction. Initial cell parameters: a = 1.995 nm, b = 2.303 nm, c = 5.359 nm, and α = β = γ = 
90º. (Green: Ca; Pink: Al; Yellow: S; Red: O; White: H) 
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2.5 Mechanical Properties 
     The stress-strain data obtained from RMD simulations provide invaluable information to fully 
characterize the mechanical properties of the hydrated phases of	CଷA, in terms of Young’s 
modulus, ultimate strength, and Poisson’s ratio. The first two quantities can be directly extracted 
from the stress-strain curves presented in the previous section. Young’s modulus (E) is a measure 
of material’s stiffness, which can be quantified by the ratio of stress to strain along a specific axis 
as long as the Hooke’s law holds. On the other hand, ultimate strength (σU) is defined as the 
maximum stress that a given material can withstand before it fails. Tables 2-2 to 2-4 summarize 
the Young’s modulus and ultimate strength of the hydrated phases of	CଷA obtained from the stress-
strain curves for four strain rates. This is the first effort in the literature to quantify the sensitivity 
of the mechanical properties to the applied strain rate in the aluminum-rich species of hydrated 
cement paste. As expected, the Young’s modulus and ultimate strength increase under high strain 
rates, mainly due to the fact that atoms have no sufficient time to make the necessary moves that 
accommodate the applied strain.  
Table 2-2. Mechanical properties of hydrogarnet calculated from the response to strain in 
the x, y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps 
 
 x/y/z Others Strain Rate (/ps) 0.01 0.005 0.001 0.0005 
E (GPa) 94.54 94.89 92.87 93.03 54.9a, 55.5b 
σU (GPa) 7.33 7.19 7.15 7.11 NA 
a Hajilar and Shafei (2015) 
b Manzano (2009) 
 
Table 2-3. Mechanical properties of ettringite calculated from the response to strain in the 
x, y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps 
 
 x/y  z Others Strain Rate (/ps) 0.01 0.005 0.001 0.0005 0.01 0.005 0.001 0.0005 
E (GPa) 10.00 9.24 9.96 9.05  43.63 40.97 42.93 41.98 29.7a, 18.6c, 25.0േ2d 
σU (GPa) 1.71 1.49 1.32 1.27  5.37 4.77 4.63 4.55 1.1-5.0b
a Hajilar and Shafei (2015) 
b Liu et al. (2012) 
c Manzano (2009) 
d Speziale et al. (2008) 
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Table 2-4. Mechanical properties of kuzelite calculated from the response to strain in the x, 
y, and z directions at the strain rates of 0.0005, 0.001, 0.005, and 0.01/ps 
 
 x/y  z Others Strain Rate (/ps) 0.01 0.005 0.001 0.0005 0.01 0.005 0.001 0.0005 
E (GPa) 57.35 56.17 57.82 56.71  17.41 14.98 18.58 17.00 32.1a, 29.1b 
σU (GPa) 6.06 5.05 5.12 4.97  1.42 1.31 1.45 1.31 NA
a Hajilar and Shafei (2015) 
b Manzano (2009) 
 
     The direction of straining is investigated in the current study to evaluate how the mechanical 
properties obtained for the hydrated phases of	CଷA change in different directions. As for 
hydrogarnet, the Young’s modulus does not depend on the direction of strain and is 93.03 GPa. 
The same quantity for ettringite and kuzelite ranges from 9.05 to 41.98 GPa and from 17.00 to 
56.71 GPa, respectively. To verify the accuracy of predictions, the values obtained for Young’s 
modulus are compared with the values reported in the literature based on the Brillouin 
spectroscopy, classical energy minimization, and molecular dynamics studies (Speziale et al., 
2008; Manzano, 2009; Hajilar and Shafei, 2015). While none of the previous studies has 
investigated the stress-strain behavior of this category of materials, their estimates of the Young’s 
modulus are consistent with the values calculated here based on the slope of the stress-strain 
curves. This is an important step forward as all the previous predictions of the Young’s modulus 
are based on averaging the elastic constants without taking into account the dependency of the 
elastic properties of the hydrated phases of	CଷA to the direction of straining.  
     The ultimate strength of the hydrated phases of	CଷA under uniaxial tensile strains is determined 
from the stress-strain curves. While the ultimate strength of hydrogarnet is independent of straining 
direction, it is observed that ettringite and kuzelite have their highest tensile strengths along the z 
and x/y direction, respectively. The ultimate strengths of ettringite obtained through this study are 
in complete agreement with the values presented by Liu et al. (2012) in all the three orthogonal 
directions. For hydrogarnet and kuzelite, however, there is no experimental or simulation study 
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available in the literature to compare the obtained results with. In the absence of such studies, the 
physico-chemistry properties of the hydrated phases of	CଷA are examined to evaluate the values 
predicted for the Young’s modulus and ultimate strength. Since the nature of bonds in all the 
crystals under consideration is similar, it is expected that the crystalline structures with a higher 
density provide a higher mechanical strength. This fact can be verified from Figure 2-15. 
Moreover, it is known that as the ratio of the number of aluminum to calcium atoms (also known 
as Al/Ca ratio) increases in a unit cell, the mechanical properties of the crystalline structure is 
expected to improve (as can be seen in Figure 2-15). This is due to the fact that the aluminum 
atoms approach the oxygen atoms in the unit cell and high-energy covalent-ionic Al-O bonds are 
formed.  
 
 
Figure 2-15. An overview of the relations identified between the mechanical properties 
obtained from the RMD simulations and the atomic structural characteristics reported for 
the hydrated products of ۱૜ۯ.  
 
     When a material is stretched in one direction, it tends to shrink in the other two directions 
perpendicular to the direction of elongation. Poisson’s ratio (ν) is the measure of this effect and 
can be defined by the negative gradient of the transverse to axial strain in the elastic regime. The 
Poisson’s effect is captured in the current study by allowing the supercells to relax anisotropically 
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in lateral directions. The Poisson’s ratios of the hydrated phases of CଷA under different strain 
directions are listed in Table 2-5. The Poisson’s ratios extracted from the transverse-axial strain 
curves are compared well with the available literature (Speziale et al., 2008; Manzano, 2009; 
Hajilar and Shafei, 2015). The Poisson’s ratio of hydrogarnet is 0.32, while the same quantity for 
ettringite and kuzelite fall in the range of 0.10-0.69 and 0.13-0.37, respectively. Such a variation 
indicates the existence of a strong anisotropy in the mechanical properties of ettringite and kuzelite. 
It is interesting to note that the Poisson’s ratio for ettringite and kuzelite may even reach 0.69 in 
the x/y directions and 0.37 in the z direction, respectively. The strongest elements in the structure 
of both crystals are the positively charged components, i.e., CଷA columns in ettringite stretched 
along the z axis and ሾCaଶAlሺOHሻ଺ሿା layers in kuzelite lying in the x-y plane. This is why the 
simulation cell is expanded/contracted easier in the directions perpendicular to the direction of 
these positively charged components.  
Table 2-5. Poisson’s ratio of hydrated products of ۱૜ۯ 
 
  Hydrogarnet  Ettringite  Kuzelite 
  y/x z  y/x z  y/x z 
Straining Direction x/y 0.32 0.32  0.69 0.10  0.27 0.37 
z 0.32 -  0.35 -  0.13 - 
Others 0.22a, 0.35b  0.34a, 0.39b, 0.34േ0.02c  0.36a, 0.27b 
a Hajilar and Shafei (2015) 
b Manzano (2009) 
c Speziale et al. (2008) 
 
2.6 Conclusions 
     In cementitious materials, tricalcium aluminate reacts with water and produces various hydrated 
products. While the concentration of such products depends on a number of factors ranging from 
the chemical composition of cement to the environment that it is exposed to, it is believed that a 
considerable amount of hydrogarnet, ettringite, and monosulfoaluminate crystals constantly exists 
in cementitious materials. The listed products have different structural and mechanical 
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characteristics, which can directly affect the properties of hydrated cement paste. Except very few 
studies limited to estimate the elastic properties of hydrogarnet, ettringite and monosulfoaluminate, 
there was no comprehensive simulation effort or experimental study in the literature to characterize 
the mechanical behavior of these three aluminum-rich crystals. This was the motivation of the 
present study to evaluate the stress-strain behavior of the hydrated phases of tricalcium aluminate 
under uniaxial tensile strains. For this purpose, the atomic structures of hydrogarnet, ettringite, and 
monosulfoaluminate were modeled at the nano-scale. The stress-strain curves of each crystal were 
then generated using RMD simulations that allows the breakage and formation of chemical bonds. 
For this purpose, a wide range of tensile strain rates was utilized to quantify the sensitivity of the 
mechanical properties to the strain rate as well. The effect of the direction of straining on the stress-
strain behavior was particularly investigated by applying tensile strains in the three orthogonal 
directions. Chemical bond and structural damage analysis were conducted to reveal the correlation 
between the chemical bond characteristics and damaged atomic structures. It was found that the 
stress-strain relationship of hydrogarnet does not depend on the direction of applied tensile strain. 
The sequential breakage of the Ca-O and Al-O bonds was found to result in a significant reduction 
in the tensile strength after the yield stress is reached. Unlike hydrogarnet, the stress-strain 
relationship of ettringite and monosulfoaluminate is substantially dependent to the direction of 
applied tensile strains. The tricalcium aluminate columns in ettringite and ሾCaଶAlሺOHሻ଺ሿା layers 
in monosulfoaluminate are found mainly responsible for resisting tensile strains. The separation 
and sequential breakage of the tricalcium aluminate columns are the main causes of failure 
identified for ettringite in the x/y and z directions, respectively. As for monosulfoaluminate, the 
sequential breakage of the Ca-O and Al-O bonds of the ሾCaଶAlሺOHሻ଺ሿା layers results in the failure 
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of the atomic structure in the x and y directions. In the z direction, however, the segregation of the 
positively charged layers is identified as the main cause of failure under large strains.  
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CHAPTER 3: ASSESSMENT OF STRUCTURAL, THERMAL, AND MECHANICAL 
PROPERTIES OF PORTLANDITE THROUGH MOLECULAR DYNAMICS 
SIMULATIONS 
 
     The structural, thermal, and mechanical properties of portlandite, the primary solid phase of 
ordinary hydrated cement paste, are investigated using molecular dynamics method. To understand 
the effects of temperature on the structural properties of portlandite, the coefficients of thermal 
expansion of portlandite are determined in the current study and validated with what reported from 
the experimental tests. The atomic structure of portlandite equilibrated at various temperatures is 
then subjected to uniaxial tensile strains in the three orthogonal directions and the stress-strain 
curves are developed. Based on the obtained results, the effect of the direction of straining on the 
mechanical properties of portlandite is investigated in detail. Structural damage analysis is 
performed to reveal the failure mechanisms in different directions. The energy of the fractured 
surfaces are calculated in different directions and compared to those of the ideal surfaces available 
in the literature. The key mechanical properties, including tensile strength, Young’s modulus, and 
fracture strain, are extracted from the stress-strain curves. The sensitivity of the obtained 
mechanical properties to temperature and strain rate is then explored in a systematic way. This 
leads to valuable information on how the structural and mechanical properties of portlandite are 
affected under various exposure conditions and loading rates.  
3.1 Introduction 
     To improve the available models of cement-based materials at macro-, micro-, and nano-scale, 
it is necessary to determine the intrinsic properties of the ordinary hydrated cement paste (HCP) 
products. Among the HCP products, portlandite is known as the primary solid phase, which 
constitutes 20-25% of the volume of ordinary cement paste (Mehta and Monteiro, 2006). In 
cement-based materials, such as concrete and mortar, portlandite is formed as a result of reactions 
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between water and cement clinkers, i.e., tricalcium silicate (alite) and dicalcium silicate (belite). 
During the exothermic hydration reactions, thermal stresses are generated, which can cause early-
age cracking and structural damage. This highlights how critical it is to determine the temperature-
dependent structural and mechanical properties of the HCP products, particularly portlandite. The 
thermo-elastic properties of portlandite were investigated first by Fukui et al. (2003) using in-situ 
X-ray diffraction. Xu et al. (2007) studied the anisotropic thermal expansion and hydrogen bonding 
behavior of portlandite via high-temperature neutron diffraction tests. There was a substantial 
difference between the coefficients of thermal expansion (CTEs) calculated by Xu et al. (2007) 
compared to those obtained by Fukui et al. (2003). This was attributed to the fact that Fukui et al. 
(2003) calculated the lattice parameters using the conventional least-squares analysis of selected 
individual reflection lines, whereas Xu et al. (2007) employed the more accurate whole-pattern 
Rietveld method to calculate the same quantities. Beyond these two studies, no other investigation 
on the thermal properties of portlandite was found in the literature. This was one of the main 
motivations of the current study to characterize the changes in the structural and mechanical 
properties of portlandite as a function of temperature. 
     A number of experimental and theoretical studies have been conducted to determine the elastic 
properties of portlandite. The initial experimental studies include Brillouin interferometry (Holuj 
et al., 1985), tests of compacted powder samples with different porosities (Beaudoin, 1983, and 
Wittmann, 1986), and compression tests (Maede and Jeanloz, 1990). Based on the experimental 
test results, Monteiro and Chang (1995) calculated the elastic properties of portlandite from the 
mathematical morphology of concrete. Later on, Laugesen (2005) calculated the elastic constants 
of portlandite using density functional theory (DFT); Constantinides and Ulm (2007) performed 
nano-indentation experiments to directly find the indentation and Young’s moduli and Poisson’s 
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ratio of portlandite; and Speziale et al. (2008) estimated the elastic properties of natural calcium 
hydroxide, including all the adiabatic elastic constants and acoustic velocities using the Brillouin 
spectroscopy. In the most recent studies, Manzano et al. (2009) and Qomi et al. (2015) estimated 
the elastic properties of the portlandite using molecular mechanics (MM) method. Despite the 
contribution of the listed studies, there is a gap in the literature on the mechanical behavior of 
portlandite beyond the elastic range. Considering that this is critical to capture the onset of 
permanent deformations and fracture, the current study provides the first-known effort to address 
this research gap. The outcome of this effort also contributes to estimate the tensile strength and 
failure strain of portlandite subjected to extreme external loads.  
     The structure, energetics, and reactivity of the portlandite’s surfaces have been investigated in 
the literature. Kalinichev and Kirkpatrick (2002) performed molecular dynamics (MD) simulations 
to study the binding of chloride ions to the surfaces of various HCP phases, including portlandite. 
It was observed that the chloride binding capacity of portlandite is significantly higher than that of 
tobermorite and ettringite, the other two abundant phases of the HCP. Through a set of MD 
simulations, Wang et al. (2006) reported that for water at the portlandite’s (001) surface, the 
Ca3VIOH surface functional groups serve as both H-bond donors and acceptors. Galmarini et al. 
(2011) performed systematic experimental tests and atomistic simulations to study the change in 
the morphology of portlandite in the environments where various ions, such as chlorides, nitrates, 
sulfates, and silicates exist. It was revealed that the portlandite particles have a regular facetted 
shape in the presence of chloride and nitrate ions, whereas the sulfate groups result in the formation 
of portlandite particles with a hexagonal platelet shape. Moreover, it was found that the addition 
of silicates leads to the formation of large agglomerated particles that are irregularly shaped. The 
hydration of CaO was investigated using reactive MD simulations by Manzano et al. (2012a). It 
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was reported that the CaO {001} surface is highly reactive toward water and maintains its structure 
only up to 0.75 water monolayer content. For a higher water content, however, the surface is altered 
drastically, which results in the formation of disordered calcium hydroxide. The listed studies 
contribute to provide a more detailed insight on how the properties of the fractured surfaces of 
portlandite identified in the current study are compared with those of the ideal surfaces available 
in the literature.  
     In this study, the Molecular Dynamics (MD) method is utilized to investigate the structural, 
thermal, and mechanical properties of portlandite. To this end, the crystalline structure of 
portlandite is constructed at the nano-scale. The effect of temperature on the lattice parameters and 
unit cell volume of portlandite is investigated. The CTEs are then determined and compared to 
those available to the literature. Subsequently, uniaxial tensile strains are applied in the x, y and z 
axis of the equilibrated super cells and the stress-strain data are recorded. A separate structural 
damage analysis is performed to reveal the correlation between the structural damages and the 
stress-strain curves obtained from MD simulations. The failure mechanism for portlandite 
elongated in the three orthogonal directions is identified and discussed in detail. To understand the 
plastic energy required for fracture, the energy of the fractured surfaces are calculated and 
compared with those for the ideal surfaces. From the stress-strain curves, the tensile strength, 
Young’s modulus, and fracture strain of portlandite are fully characterized as well. As the 
algorithm used in this study allows for anisotropic relaxation in the directions perpendicular to the 
direction of straining, the Poisson’s effect can be simulated without imposing any artificial 
constraints. To investigate the sensitivity of the mechanical properties of portlandite to temperature 
and strain rate effects, an extensive set of MD simulations are conducted under different 
temperatures and strain rates. From the obtained results, the relationship between the fracture stress 
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of portlandite and strain rate is determined at various temperatures. The outcome of this study 
provides the information needed to understand the key mechanical properties of portlandite at both 
elastic and plastic ranges. This directly contributes to improve the models available for cement-
based materials at different length scales.   
3.2 Computational Methodology 
3.2.1 Crystalline Structure 
     Portlandite is the mineral name of crystalline calcium hydroxide, Ca(OH)2, and is the calcium 
analogue of brucite (Mg(OH)2). In cement-based materials, portlandite is produced through the 
hydration of tricalcium silicate (Ca3SiO5) and dicalcium silicate (Ca2SiO4) as shown in Equations 
(3-1) and (3-2), respectively: 
2CaଷSiOହ ൅ 6HଶO → 3CaO. 2SiOଶ. 3HଶO ൅ 3CaሺOHሻଶ                                                            (3-1) 
2CaଶSiOସ ൅ 4HଶO → 3CaO. 2SiOଶ. 3HଶO ൅ CaሺOHሻଶ                                                               (3-2) 
where the first product in both reactions (3CaO.2SiO2.3H2O) is the calcium-silicate-hydrates (C-
S-H) gel, which is another important component of the HCP. While the two chemical reactions are 
similar in terms of the compounds produced (i.e., C-S-H gel and portlandite), they demonstrate 
different reaction rates.  This is why the first reaction is known to be responsible for early-age 
strength, while the second one, which has a lower reactivity, contributes to the strength of the HCP 
in later stages. Portlandite is expected to decompose into calcium oxide and water when it is heated 
to 500 °C (Halstead and Moore, 1957): 
CaሺOHሻଶ ∆→ CaO ൅ HଶO                                                                                                              (3-3) 
     The crystalline structure of portlandite is well known and has been identified by both X-ray 
spectroscopy (Bernal and Megaw, 1935; Petch and Megaw, 1954) and neutron diffraction (Busing 
and Levy, 1957). The position of hydrogen atoms in the crystalline structure of portlandite has 
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been determined using X-ray diffraction and Fourier synthesis techniques (Petch, 1961) and 1H 
nuclear magnetic resonance (NMR) (Henderson and Gutowsky, 1962). While portlandite has a 
hexagonal morphology, the crystalline structure is trigonal with space group of ܲ3ത݉1. The 
crystallographic parameters of the unit cell of portlandite is a = b = 3.5925 Å, c = 4.905 Å, α = β 
= 90°, and γ = 120°. Figure 3-1 illustrates the unit cell of portlandite, which contains a total of five 
atoms. The calcium atoms are octahedrally coordinated with six oxygen atoms. The oxygen atoms 
are tetrahedrally coordinated with three calcium atoms and one hydrogen atom. The structure of 
portlandite consists of layers lying in the (001) plane and interacting mainly by weak H-mediated 
dispersive forces. The oxygen and hydrogen atoms form hydroxyl groups running along the c-axis. 
In this study, the crystalline structure of portlandite is adopted based on the experimental data by 
Henderson and Gutowsky (1962).  
(a) (b) 
 
Figure 3-1. (a) The trigonal unit cell and (b) the layered structure of portlandite.  
(Green: Calcium; Red: Oxygen; White: Hydrogen) 
 
3.2.2 Molecular Dynamics Method 
     The MD simulations are conducted using the large-scale atomic/molecular massively parallel 
simulator (LAMMPS) package (Plimpton, 1995). As mentioned earlier, portlandite crystallizes in 
a trigonal lattice (a, b, and c axes). To generate the simulation cell, the unit cell of portlandite is 
periodically extended 12, 12, and 9 times in the a, b, and c directions, respectively. This generates 
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the super cell of portlandite, which contains 6,480 atoms. It is notable that the large number of 
atoms used in this study ensures reliable simulation results from a statistical point of view. The 
modified CSH-FF force-field (Qomi et al., 2015) is chosen for the current study to describe the 
atomic interactions. The CSH-FF force-field was originally developed to reproduce the structural 
and elastic properties of various CSH crystals comparable to those obtained using first principle 
calculations (Shahsavari et al., 2011). Recently, Qomi et al. (2015) modified the CSH-FF force-
field to predict the structure and mechanical properties of other crystals, such as calcium hydroxide 
(portlandite), tricalcium silicate (alite), and dicalcium silicate (belite). To ensure the structural 
stability and conformity of portlandite in the ambient conditions, the 12×12×9 super cell of 
portlandite is equilibrated using the modified CSH-FF for 100 ps in an isobaric-isothermal (NPT) 
ensemble at 300 K and 0 atm with a time step of 0.10 fs. The last 50 ps trajectories are used for 
computing the unit cell parameters. During the equilibration stage, the convergence of a variety of 
parameters (e.g., total energy and its components, lattice parameters, temperature, and pressure) is 
closely monitored. During the equilibration stage, the long-range Coulombic interactions are 
calculated using the Wolf method (Wolf et al., 1999) with a cutoff radius of 12 Å and damping 
parameter of 0.25 (1/ Å). Since the Wolf summation method scales with O(N) compared to the 
Ewald summation method that scales with O(N3/2), the former reduces the computational time 
significantly compared to the later method. This is also another feature incorporated to the 
modified CSH-FF force-field. The equilibrated atomic structure of portlandite is employed for the 
characterization of the stress-strain behavior at both elastic and plastic regimes. 
3.2.3 Elastic Properties Calculation 
     The elastic constants of portlandite are calculated from the linear relation between the stress 
and strain tensors within the limit of infinitesimal deformation. In this study, the elastic constants 
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are calculated at the finite temperature. For this purpose, the simulations start with the super cell 
of portlandite equilibrated to the ambient conditions (300 K and 0 atm). The equilibrated super 
cell is then subjected to twelve strain configurations, including three uniaxial tension/compression 
pairs and three pure shear pairs, in such a way that only one component of the strain tensor is non-
zero. In this study, the target strain in each of the strain configurations has been set equal to a value 
that ensures the deformations will remain in the elastic range. During the course of elastic straining, 
the position of atoms in the super cell is equilibrated in a microcanonical (NVE) ensemble coupled 
with a Langevin thermostat, which keeps the temperature at 300 K. It should be noted that although 
the calculation of elastic constants at ambient temperature requires obtaining the time averages of 
stress components, it provides the opportunity of capturing the thermal expansion of the unit cell 
at finite temperatures. This could not be achieved if the elastic constants had been calculated at 
zero temperature. Once the elastic constants are determined, the Voigt-Reuss-Hill (VRH) elastic 
properties of portlandite are estimated according to the method described in Hajilar and Shafei 
(2014, 2015(a) and 2015(b), 2016). The obtained elastic properties are then compared with the 
theoretical and experimental ones available in the literature.  
3.2.4 Uniaxial Tensile Straining 
     The equilibrated super cell of portlandite is subjected to a range of uniaxial strains along each 
of the three orthogonal x, y, and z directions. For this purpose, a constant strain rate is applied to 
the super cell. In the current study, four different strain rates of 0.0005, 0.001, 0.005, and 0.01 ps-
1 are used. During the continuous straining, the positions of atoms in the super cell are fully relaxed 
to fit within new dimensions. It should be noted that the directions perpendicular to the one under 
external strain are allowed to relax anisotropically. This makes it possible to capture the Poisson’s 
effect for the stress-strain calculations. To achieve this goal, the NPT equations of motion at zero 
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pressure are used in the directions perpendicular to the direction of straining. The stress evolution 
in the atomic structures is recorded while the super cells are strained. To mitigate the stress changes 
induced by thermal fluctuations, the atomic stresses are averaged over a small time interval of 100 
time steps. The straining procedure is repeated for all the three x, y, and z directions with the 
maximum target strain of 0.25 Å/Å. The full set of stress and strain data of the portlandite structure 
are used to generate the stress-strain curves for each straining direction. To examine the stress-
strain behavior, the strained structural configurations are recorded for further structural damage 
analysis. The structural damage analysis is carried out by visualizing the atomic structures and 
tracking the changes in the position and orientation of atoms at each time step. The permanent 
changes in the atomic structure of portlandite are identified and used to understand the damage 
formation process. The outcome of the structural damage analysis can be used to fully characterize 
the structural response and failure mechanisms of portlandite under uniaxial tensile strains. The 
Open Visualization Tool (OVITO) package is utilized to demonstrate the simulation results 
(Stukowski, 2010).  
3.3 Results and Discussions 
3.3.1 Structural and Thermal Properties of Portlandite 
     The cell parameters of portlandite equilibrated over the course of 100 ps NPT-MD at ambient 
temperature and pressure are reported in Table 3-1. It can be seen that the calculated unit cell 
parameters are in a close agreement with the experimental data and the percentage of difference is 
always less than 2.5%. In addition to the equilibration at ambient temperature (300 K), the cell 
parameters of portlandite are further investigated at various temperatures ranging from 300 to 500 
K with 50 K intervals. Figure 3-2 illustrates the normalized volume and unit cell parameters of 
portlandite at various temperatures.  
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Table 3-1. Comparison between portlandite cell parameters calculated by NPT-MD and 
those obtained from the experiments by Henderson and Gutowsky (1962) 
 
Cell Parameter NPT-MD Experiment Difference (%) 
a/b  (Å) 3.5037 3.5925 2.47 
c  (Å) 4.8045 4.9050 2.05 
 
 
Figure 3-2. Thermal expansion of portlandite between 300 and 500 K.  
 
     This figure shows that the volume of the unit cell expands by 2% as the temperature increases 
from 300 to 500 K. It can be observed that the c-axis expands twice as the a-axis within the 
temperature range considered in this study. This is attributed to the major difference in the 
structural features of portlandite in the direction parallel (a-axis direction) and perpendicular (c-
axis direction) to the strong (001) [CaO6] octahedral layers: In the a-axis direction, the Ca-O bonds 
resist the expansion due to temperature. In the c-axis direction, however, the interlayer only relies 
on the hydroxyl groups and expands significantly by increasing the temperature. This highlights 
the fact that the forces between neighboring [CaO6] sheets are much weaker than those within the 
sheets. Table 3-2 reports the coefficients of thermal expansion (CTEs) of portlandite at various 
temperature ranges considered in this study.  
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Table 3-2. Coefficients of thermal expansion (CTEs) calculated for the structural 
parameters of portlandite under four temperature ranges.  
 
 NPT-MD   300-350 K 350-400 K 400-450 K 450-500 K  Mean 
αV (×10-5 K-1) 9.27 9.37 10.77 10.21 9.91  
αa  (×10-5 K-1) 2.77 2.60 2.65 2.56 2.65  
αc  (×10-5 K-1) 3.71 4.15 5.46 5.06 4.60  
 
     The mean volume, a-axis, and c-axis CTEs of portlandite in the temperature range of 300-500 
K are found to be αV = 9.91 × 10-5 K-1, αa = 2.65 × 10-5 K-1, and αc = 4.60 × 10-5 K-1, respectively. 
The range and magnitude of the values obtained from MD simulations are consistent with the ones 
obtained through the high-temperature neutron diffraction experiments (Xu et al., 2007). To 
estimate the unit cell volume and lattice parameters of portlandite at any desired temperature in 
the range of 300-500 K, a polynomial equation is fitted to the thermal expansion data obtained 
from MD simulations: 
ܸሺܶሻ ൌ ଴ܸ	݁ݔ݌ሾ׬ ߙሺܶሻ݀ܶሿ                                                                                                         (3-4) 
where ଴ܸ and ܸ denote the reference and current unit cell volume, respectively. ߙሺܶሻ is the CTE 
at temperature T and is derived from the linear equation below: 
ߙሺܶሻ ൌ ߙ଴ ൅ ߙଵܶ                                                                                                                        (3-5) 
     Table 3-3 summarizes the fitting parameters, i.e., ߙ଴ and ߙଵ, of portlandite together with those 
available in the literature. The values obtained from MD simulations are found closer to those 
calculated by the latest neutron diffraction experiments (Xu et al., 2007) than those estimated by 
the conventional X-ray diffraction tests (Fukui et al., 2003). This outcome proves the prediction 
capabilities of the conducted MD simulations as Xu et al. (2007) is believed to provide more 
reliable predictions due to the reasons discussed earlier.  
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Table 3-3. Comparison of thermal expansion parameters fitted to NPT-MD simulation 
results with those available in the literature. 
 
 NPT-MD Fukui et al. (2003) Xu et al. (2007) 
ࢻ૙ (× 10-5 K-1) 8.392 0.0342 5.966 ࢻ૚ (× 10-8 K-2) 6.759 12.736 3.333 
 
3.3.2 Elastic Properties of Portlandite 
     Elastic properties of portlandite are presented and discussed in this section. Portlandite 
crystallizes in the trigonal system with a space group of ܲ3ത݉1. Therefore, portlandite has 6 
independent non-zero elastic constants: C11, C12, C13, C14, C33, and C44. From C11 and C12, C66  can 
be calculated as below: 
ܥ଺଺ ൌ 0.5ሺܥଵଵ െ ܥଵଶሻ                                                                                                                  (3-6) 
     Table 3-4 summarizes the elastic constants of portlandite obtained from MD simulations 
together with those determined from Brillouin spectroscopy tests (Holuj et al., 1985; Speziale et 
al., 2008) as well as density functional theory (DFT) calculations (Laugesen, 2005). The elastic 
constants obtained in the current study are in a reasonable agreement with the values reported in 
the literature. It is observed that the axial and transverse elastic constants in the (001) plane are 2.5 
times larger than those that include the c-axis component. This is consistent with the literature as 
well. For example, Table 3-4 shows that C11 is about three times larger than C33. This indicates 
that portlandite is much stiffer in the direction parallel to the (001) [CaO6] octahedral sheets than 
the directions perpendicular to them. Similar behavior was also observed in the previous section 
for the thermal expansion of portlandite. The direction sensitivity of the mechanical properties of 
portlandite can be further investigated by analyzing the full stress-strain curves in different 
directions. As mentioned earlier, a number of experimental and theoretical studies have been 
performed to determine the elastic properties of portlandite (i.e., Beaudoin, 1983; Holuj et al., 
1985; Wittmann, 1986; Maede and Jeanloz, 1990; Monteiro and Chang, 1995; Laugesen, 2005; 
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Constantinides and Ulm, 2007; Speziale et al., 2008; Manzano et al., 2009; Qomi et al., 2015). It 
can be seen that the MD Voigt, Reuss and Voigt-Reuss-Hill elastic properties are in a good 
agreement with those reported in the literature. This highlights that the modified CSH-FF 
parameters are capable of capturing the mechanical properties of portlandite. 
Table 3-4. Elastic properties of portlandite obtained from MD simulations, Brillouin 
spectroscopy tests, density functional theory (DFT), and other methods 
 
 MD Brillouink DFT g Brillouin e Others 
C11  (GPa) 96.78 99.28 99.39 102.0  
C12  (GPa) 37.06 36.21 30.78 32.0  
C13  (GPa) 15.70 29.65 7.36 8.4  
C14 (GPa) 3.13 ≈ 0* ≈ 0* 4.5  
C33 (GPa) 33.86 32.60 36.29 33.6  
C44 (GPa) 3.18 9.85 7.88 12.0  
C66 (GPa) 29.87 31.55** 34.31** 35.0**  
KV (GPa) 40.48 46.9 36.46 37.3 40.1b 
KR (GPa) 29.11 32.4 26.63 26.0 19.7b 
KVRH (GPa) 34.79  31.54 31.6 28.8a, 55.5c, 31.1d, 39.65h, 37.8i
GV (GPa) 17.85 19.3 22.7 24.4 23.0b 
GR (GPa) 6.61 13.4 13.9 17.5 5.3b 
GVRH (GPa) 12.23 16.3 18.3 20.9 12.4a, 25c, 13.4d, 16.36h 
EV (GPa) 46.68   60.0  
ER (GPa) 18.44   42.8  
EVRH (GPa) 32.84   51.4 65.2c, 35.2d, 40.3f, 39.77-44.22h, 48j, 35.2l
νV  0.31   0.23  
νR  0.39   0.23  
νVRH  0.34   0.23 0.31a,d, 0.30c, 0.305-0.325h
* Assumed zero 
** C66 = (C11 - C12)/2 
V, R, and VRH superscripts denote the Voigt bound, Reuss bound, and Voigt-Reuss-Hill average, 
respectively. 
a Qomi et al. (2015); b Galmarini et al. (2011); c Al-Ostaz et al. (2010); d Manzano et al. (2009); e Speziale et 
al. (2008); f Constantinides and Ulm (2007); g Laugesen (2005); h Monteiro and Chang (1995); i Maede and 
Jeanloz (1990); j Wittmann (1986); k Holuj et al. (1985); l Beaudoin (1983) 
 
3.3.3 Stress-Strain Relationships 
     The stress-strain curves of portlandite generated from MD simulations under uniaxial tensile 
strains in the x/y and z directions at ambient temperature and pressure are shown in Figure 3-3. In 
the x and y directions, after the ultimate stress is reached, stress decreases slowly with strain, which 
reflects a strain-softening behavior. The stress-strain curve in the z direction, however, shows that 
stress increases linearly with strain until it reaches the peak, after which the stress drops abruptly 
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to zero. This indicates that portlandite has a brittle behavior under tensile strains in the z direction. 
In addition to difference observed in failure mechanisms, the tensile strength of portlandite is found 
to be substantially direction dependent, such that the tensile strength in the x/y directions is more 
than 3.5 times larger than that in the z direction. In the x/y directions, the ultimate stress of 6.75 
GPa occurs at a strain of 0.095 Հ/Հ. In the z direction, however, the ultimate stress reaches 1.91 
GPa at the strain of 0.078 Հ/Հ. This clearly shows a lower mechanical strength in the z direction 
compared to the x/y directions. In the absence of experimental/simulation results in the literature, 
the mechanical properties of crystalline portlandite can be compared with those of the hypothetic 
portlandite nanotube reported by Manzano et al. (2012b). The tensile stress of a (9,9) portlandite 
nanotube reaches the maximum strength of 8.4 GPa at a strain level of 27%. This indicates that 
the fracture strain of portlandite nanotube is significantly larger than that of the crystalline 
portlandite, while the tensile strength for both materials is consistent.  
(a) (b) 
 
Figure 3-3. Stress-strain curves of portlandite under tensile strains in the (a) x/y and (b) z 
directions at ambient temperature and pressure conditions. 
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     Figure 3-4 shows the progress of the formation of damage to the structure of portlandite under 
tensile strains in the z direction. As can be observed in this figure, the Ca-Ca and O-O interactions 
are lost and the [CaO6] layers are stretched away from each other. This forms a large crack 
perpendicular to the z direction and significantly reduces the capacity of portlandite to 
accommodate the tensile strains. It is worth noting that the crack has been formed at a strain level 
of 0.08 Å/Å consistent with the stress-strain curve obtained in the z direction. The physical origin 
of the failure mechanism in the z direction can be attributed to the disruption of the weak dispersive 
cohesive forces between the [CaO6] layers. As the applied tensile strain in the z direction increases, 
particularly after the yield point is reached, the weak van der Waals bonds tend to break. This 
causes a segregation between the (001) [CaO6] layers, which eventually leads the structure to break 
into two halves.  
 
Figure 3-4. Progress of damage to the atomic structure of portlandite under tensile strains 
in the z direction. (Green: Ca; Red: O; White: H)  
 
     Figure 3-5 shows the evolution of damage to the structure of portlandite under tensile strains in 
the y direction. At lower strains, there are no noticeable changes in the portlandite’s atomic 
structure and an elastic response is recorded. However, when strain increases, low-density regions 
are formed and stretched perpendicular to the direction of straining. This can be attributed to the 
breakage of the ionic-covalant Ca-O bonds. It should be noted that the deformed structure still 
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resists the applied strain even after the target strain of 0.25 Å/Å is reached. This residual capacity 
can be confirmed through the strain-softening plasticity observed in the stress-strain curve of 
portlandite in the x/y directions (Figure 3-3).  
 
 
Figure 3-5. Progress of damage to the atomic structure of portlandite under tensile strains 
in the y direction. (Green: Ca; Red: O; White: H) 
 
     The results of the structural damage analysis can be further discussed by comparing the energies 
of the fractured surfaces of portlandite with those of the known ideal surfaces (Galmarini et al., 
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2011). This can contribute to understand the plastic energy for different surfaces of portlandite 
before fracture. Table 3-5 presents the surface energies of portlandite obtained from MD 
calculations in comparison with the literature. It can be seen that the energy of the (001) surface is 
lower than that of the (010) surface, which is expected for minerals with a hexagonal platelet 
morphology, as is the case for portlandite. In the z direction, fracture takes place by the perfect 
cleavage of the (001) [CaO6] layers (Figure 3-4). Hence, the energy difference before and after 
fracture can be corresponded to the surface energy. From Table 3-5, it is observed that the energy 
of the fractured surface (001) is 0.101 J/m2, which is comparable with 0.073 J/m2 from Galmarini 
et al. (2011). In the y direction, the energy of the fractured surface (0.409 J/m2) is lower than the 
ideal surface energy (0.551 J/m2). This can be attributed to the fact the fractured surface (010) is 
rough and far from regular (Figure 3-5). The difference between the energies for the fractured and 
ideal surfaces highlights the plastic energy required for a perfect fracture in the (010) direction. 
From MD calculations, the relative surface energy of (010) with respect to (001) is 4.049. This 
falls in the range obtained from experimental tests (i.e., 0.499-4.050).  
Table 3-5. Surface energies of fractured surfaces of portlandite calculated from MD 
simulations compared with those of the ideal cleaved surfaces obtained from MM 
simulations and experimental tests  
 
 Present MD Galmarini et al. (2011) MM Experiment 
(010) J/m2 0.409 0.551 N.A. 
(001) J/m2 0.101 0.073 N.A. 
(010)/(001) 4.049 7.548 0.499-4.050 
 
3.3.4 Poisson’s Ratio 
     If a material is stretched in one direction, it tends to shrink in the other two directions 
perpendicular to the direction of elongation. Poisson’s ratio (ν) is the measure of this effect and 
can be defined by the negative gradient of the transverse to axial strain in the elastic regime. As 
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mentioned earlier, the directions perpendicular to the direction of uniaxial tensile strain are allowed 
to relax anisotropically. This makes it possible to characterize the Poisson’s ratio of portlandite in 
different directions with respect to the direction of the applied strain. Table 3-6 lists the Poisson’s 
ratios of portlandite for different strain and response directions. It can be observed that in response 
to uniaxial tensile strains in the x/y direction, the contraction in the z direction (ν = 0.63) is three 
times larger than that in the y/x direction (ν = 0.21). This can be mostly attributed to the fact that 
the Ca-O bonds present in the (001) plane can substantially resist the contraction forces, while the 
dispersive forces cause a significant contraction in the z direction. Furthermore, it is observed that 
the Poisson’s ratios of portlandite have a very large direction dependency, ranging from 0.08 to 
0.63. This is due to the fact that portlandite has an anisotropic structure formed by the Ca-O bonds 
in the (001) plane and weak cohesive forces along the c-axis. A review of the existing literature 
shows that the Poisson’s ratio of portlandite falls in the range of 0.23-0.31 (Monteiro and Chang, 
1995; Speziale et al., 2008; Manzano et al., 2009; Al-Ostaz et al., 2010; Qomi et al., 2015). The 
reported values, however, have been obtained by averaging over elastic constants and with the 
assumption of an isotropic media. This issue has been addressed in this current study as the 
Poisson’s ratios are directly calculated from the strain data obtained from the MD simulations.      
Table 3-6. Poisson’s ratio of portlandite in different directions at strain rate of 0.0005 ps-1. 
 
  Response direction 
  y/x z 
Straining direction x/y 0.21 0.63 
 z 0.08 - 
Others 0.31a,c, 0.30b, 0.23d, 0.305-0.325e 
a Qomi et al. (2015) 
b Al-Ostaz et al. (2010) 
c Manzano et al. (2009) 
d Speziale et al. (2008) 
e Monteiro and Chang (1995) 
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3.3.5 Effect of Temperature on Mechanical Properties 
     At any non-zero temperature, atoms in a solid move around the equilibrium positions due to 
thermal oscillations. To evaluate the mechanical properties of materials when the external forces 
are applied, temperature is an important factor as it can alter the atomic structure and bond lengths. 
In this study, further to the simulations in the ambient temperature (300 K), systematic MD 
simulations are performed to capture the sensitivity of the mechanical properties of portlandite to 
temperature changes. The stress-strain curves of portlandite under uniaxial tensile strains, with a 
constant rate of 0.0005 ps-1, at various temperatures ranging from 300 to 500 K are shown in Figure 
3-6.  
(a) (b) 
 
Figure 3-6. Stress-strain curves of portlandite at various temperatures under uniaxial 
tensile strains in the (a) x/y and (b) z directions. 
 
It can be observed that temperature exerts a substantial effect on the mechanical properties of 
portlandite. With the increase of temperature, the tensile strength, Young’s modulus, and fracture 
strain of portlandite decrease significantly (Figure 3-7).  
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(a) 
(b) 
(c) 
 
Figure 3-7. Mechanical Properties of portlandite at various temperatures under uniaxial 
tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, and (c) 
Fracture strain. 
 
     This behavior, which is referred to as thermal-softening effect, has been captured for a variety 
of other materials, such as platinum nanowire (Koh et al., 2005), silica glass (Pedone et al., 2008), 
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polymer (Li and Strachan, 2011), and silicene (Pei et al., 2014) to name a few. By increasing the 
temperature from 300 to 500 K, the tensile strength, Young’s modulus, and fracture strain of 
portlandite decreases by ~ 15.2, 4.5, and 6.0% in the x and y directions, and by 25.1, 12.9 and 15.1 
% in the z direction, respectively. The fact that the increase of temperature results in a significant 
reduction in the tensile strength, Young’s modulus, and fracture strain can be attributed to three 
reasons: First, since the equilibrium lengths of bonds are larger at higher temperatures, the bonds 
can sooner reach their breaking lengths during the tensile straining process. Second, the lengths of 
chemical bonds experience larger fluctuations at higher temperatures, which may cause them to 
extend to their critical lengths and break. Third, the disordered movements of atoms are intensified 
due to higher temperatures, which leads to weaker interatomic bond forces. It is worth noting that 
the mechanical properties of portlandite in the z direction are more sensitive to the temperature 
changes than those in the x/y directions. Such behavior has also been captured for the structural 
properties of portlandite primarily because αc is larger than αa.  
3.3.6 Effect of Strain Rate on Mechanical Properties 
     According to the kinetic theory of solid fracture, strain rate affects the mechanical properties of 
solids. To capture the effect of strain rate on the mechanical properties of portlandite, a wide range 
of strain rates from 0.0005 to 0.01 ps-1 is chosen. This range has been widely used in the previous 
atomistic simulation efforts (e.g., Koh et al., 2005; Pedone et al., 2008; Pei et al., 2014; Wu et al., 
2014). It should be noted that the listed strain rates are approximately three orders of magnitude 
faster than the ones induced by dynamic or shock loading (Zhuang et al., 2002). Nonetheless, since 
the time scale of molecular dynamics is set by the atomic motion, a high strain rate is required to 
induce the expected deformation within the reasonable simulation time. Figure 3-8 shows the 
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stress-strain curves of portlandite at different strain rates under uniaxial tensile strains at ambient 
temperature (300 K).  
(a) (b) 
 
Figure 3-8. Stress-strain curves of portlandite at various strain rates under uniaxial tensile 
strains in the (a) x/y and (b) z directions. 
 
     It can be observed that compared to the temperature effect on stress-strain curves, the strain 
rate effect is less significant. It is seen that the tensile strength and fracture strain of portlandite 
slightly increases with increasing the strain rate. On the other hand, the elastic region seems to be 
least influenced by the strain rate as reflected in Figure 3-9(b). This figure shows that the Young’s 
modulus of portlandite remains relatively unchanged even after the strain rate decreases from 0.01 
to 0.0005 ps-1.  
     By changing the strain rate from 0.01 to 0.0005 ps-1, the tensile strength of portlandite drops 
from 7.51 to 6.75 GPa in the z direction and from 1.98 to 1.91 GPa in the x/y directions (Figure 3-
9(a)). A similar trend is captured for the fracture strain of portlandite as shown in Figure 3-9(c).  
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(a) 
(b) 
(c) 
 
Figure 3-9. Mechanical properties of portlandite at various strain rates under uniaxial 
tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, and (c) 
Fracture strain. 
 
     The fact that a lower strain rate results in a lower tensile strength has been also confirmed via 
macroscopic experiments for cementitious materials (Rossi, 1997). A lower strain rate allows more 
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time for the thermal fluctuation of atoms, which helps them to overcome the energy barriers and 
break bonds. On the other hand, it is observed that while the overall structural behavior remains 
unchanged under different strain rates, the plastic deformation improves with increasing the strain 
rate. This will decelerate the fracture, mainly due to the rearrangement of atoms. While straining, 
the strain flows from high to low density regions, leading to coalescence of voids.  
3.3.7 Combined Effect of Strain Rate and Temperature 
     In the previous section, it was shown that the stress-strain curves of portlandite at the ambient 
temperature are not greatly influenced by changes in the rate of straining. In this section, the effect 
of strain rate on the mechanical properties of portlandite is investigated at various temperatures. 
At a constant temperature and strain, the relationship between the fracture stress and strain rate 
can be represented by (Zener and Hollomon, 1944; Dieter, 1961): 
ߪ ൌ ܥሺߝሶሻ௠|ఌ,்                                                                                                                             (3-7) 
where ߪ and ߝሶ are fracture stress and strain rate, respectively. C is a constant and m is a coefficient 
known as the strain-rate sensitivity. This coefficient is defined as the ratio of the incremental 
change in log(ߪሻ to the resultant change in logሺߝሶሻ, at a given strain and temperature. To obtain the 
strain-rate sensitivity coefficient, the below equation shall be solved for m: 
logሺߪሻ ൌ ݉	 logሺߝሶሻ ൅ log	ሺܥሻ                                                                                                    (3-8) 
     Figure 3-10 represents the logሺߪሻ vs. logሺߝሶሻ plots of portlandite under uniaxial tensile strains 
in the x/y and z directions for various strain rates and temperatures. It can be observed that 
temperature has a major contribution to strain-rate sensitivity. At the temperatures of 300 K and 
above, the strain-rate sensitivity coefficient increases significantly with temperature and strain rate 
in the z direction. The slope of the logሺߪሻ vs. logሺߝሶሻ plots of portlandite at 500 K in the z direction, 
i.e. strain-rate sensitivity coefficient, is as twice as the same quantity at the ambient temperature. 
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This reflects the dependency of the fracture stress of portlandite on the strain rate at temperatures 
above the ambient temperature in the z direction. On the other hand, in the x/y directions, the 
logሺߪሻ vs. logሺߝሶሻ plots are relatively flat indicating the fact that the fracture stress of portlandite 
is less sensitive to the strain rate in the x/y directions. This behavior is expected because as 
discussed earlier, the CTE of portlandite in the x/y directions is smaller than that in the z direction. 
The smaller CTE results in less sensitivity of the stress-strain curves to the temperature.  
(a) (b) 
 
Figure 3-10. Relationship between ܔܗ܏ሺ࣌ሻ	and ܔܗ܏ሺࢿሶ ሻ at various temperatures for 
portlandite under uniaxial tensile strains in the (a) x/y and (b) z directions. 
 
3.4 Conclusions 
     The crystalline structure of portlandite was simulated at the nano-scale using the MD method. 
Based on the unit cell volume and lattice parameters monitored at various temperatures ranging 
from 300 to 500 K, the CTEs were calculated and compared to the experimental test results 
available in the literature. The thermal expansion parameters fitted to the MD simulation results 
were found in a reasonable agreement with the conventional X-ray diffraction as well as the latest 
neutron diffraction test data. The atomic structure of portlandite equilibrated at different 
temperatures was then subjected to a set of uniaxial tensile strains in the three orthogonal directions 
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and the stress-strain curves were generated. It was observed that the stress-strain curves of 
portlandite substantially depend on the direction of straining. It was shown that portlandite has a 
higher mechanical strength and stiffness in the x and y directions compared to those in the z 
direction. This was attributed to the presence of strong [CaO6] layers running in the (001) plane of 
the portlandite’s atomic structure. In the z direction, however, the structural damage analysis 
indicated that the breakage of weak dispersive forces causes the segregation of the layers. This 
resulted in the structure to break into two halves and collapse. The surface energies were calculated 
based on the energies before and after fracture in different directions. The perfect cleavage of the 
(001) plane resulted in a lower energy in the surface (001) compared to the surface (010).  
     All the key mechanical properties were also extracted from the stress-strain curves. This was 
the first-known effort to understand the mechanical behavior of portlandite beyond the elastic 
range. Since the algorithm used in this study allowed for anisotropic relaxation in the lateral 
directions, it became possible to also capture the Poisson’s effect in the directions perpendicular 
to the direction of the applied strain. The developed models provided a unique opportunity to 
investigate the effect of temperature and strain rate on the mechanical properties of portlandite for 
the first time. It was observed that the tensile strength, Young’s modulus, and fracture strain of 
portlandite decrease with temperature and increase with strain rate. However, the strain rate has 
less significant effect on the magnitudes of the mechanical properties compared to temperature. 
The sensitivity of mechanical properties of portlandite to different strain rates at different 
temperatures were also investigated. It was found that in the z direction, the mechanical properties 
are substantially dependent on the rate of straining. Nevertheless, in the x and y directions, the 
mechanical properties of portlandite do not vary much with the strain rate. The outcome of this 
study provides detailed information about the nonlinear behavior, plastic deformation, and 
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structural failure of portlandite and similar atomic structures. The intrinsic structural, thermal, and 
mechanical properties of portlandite determined in this study can be directly implemented in the 
available models for cement-based materials at different length scales.    
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CHAPTER 4: REACTIVE MOLECULAR DYNAMICS SIMULATIONS TO 
UNDERSTAND MECHANICAL RESPONSE OF THAUMASITE UNDER 
TEMPERATURE AND STRAIN RATE EFFECTS 
 
     Understanding the structural, thermal, and mechanical properties of thaumasite is of great 
interest to the cement industry, mainly because it is the phase responsible for the aging and 
deterioration of civil infrastructures made of cementitious materials attacked by external sources 
of sulfate. Despite the importance, effects of temperature and strain rate on the mechanical 
response of thaumasite had remained unexplored prior to the current study, in which the 
mechanical properties of thaumasite are fully characterized using the reactive molecular dynamics 
(RMD) method. With employing a first-principles based reactive force field, the RMD simulations 
enable the description of bond dissociation and formation under realistic conditions. From the 
stress-strain curves of thaumasite generated in the x, y, and z directions, the tensile strength, 
Young’s modulus, and fracture strain are determined for the three orthogonal directions. During 
the course of each simulation, the chemical bonds undergoing tensile deformations are monitored 
to reveal the bonds responsible for the mechanical strength of thaumasite. The temperature 
increase is found to accelerate the bond breaking rate and consequently the degradation of 
mechanical properties of thaumasite, while the strain rate only leads to a slight enhancement of 
them for the ranges considered in this study. 
4.1 Introduction 
     Thaumasite is a calcium silicate carbonate sulfate hydrate phase, known as the main product 
and indicator of thaumasite sulfate attack (TSA) in cementitious materials (Crammond, 1985; 
Santhanam et al., 2002 and 2003; Neville, 2004). Cementitious materials exposed to sulfate 
bearing solutions from the outside environment, such as soil and water, show significant 
deterioration over time. This occurs through the attack of external sulfate ions to the calcium 
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silicate hydrates (CSH), which are the main binding agents in ordinary and sulfate-resisting 
Portland cements. As a result of such chemical reactions, thaumasite is precipitated. The formation 
of thaumasite substantially reduces the binding capacity of the cement paste, transforming it into 
a mushy and incohesive mass (Crammond, 2002). In addition, the replacement of CSH with 
thaumasite can cause significant stresses and strains, leading to the expansion of the paste, 
formation of cracks, and eventually spalling and degradation of civil infrastructures made of 
concrete (Glasser et al., 2008). While TSA can be destructive at any finite temperature, it has been 
observed it is greatly accelerated at temperatures below 0 °C (Bensted, 1999; Bickley, 1999). To 
address the long-standing deterioration issues associated with TSA to cementitious materials, an 
in-depth understanding of the structural, thermal, and mechanical properties of thaumasite is 
essential. 
     Jacobsen et al. (2003) studied the thermal expansion of thaumasite between 130 and 298 K 
using single-crystal X-ray diffraction. Over this temperature range, no phase transition was 
observed and most structural units demonstrated positive thermal expansion coefficients. 
Moreover, it was revealed that, contrary to the carbonate groups with zero thermal expansions, the 
sulfate tetrahedra and the silicate octahedra exhibit negative thermal expansions. A high-
temperature study of thaumasite was conducted by Martucci and Cruciani (2006). In situ, time 
resolved synchrotron power diffraction between 303 and 1098 K was used for this purpose. It was 
observed that the cell parameters of thaumasite increased linearly with temperature up to 393 K. 
As a result of the complete removal of the crystallization water molecules, however, the crystalline 
structure of thaumasite collapsed at close to 417 K, turning it into an amorphous structure. By a 
further increase of temperature, anhydrite and cristobalite crystallized at 953 K. In a separate effort, 
the structure of thaumasite was characterized in detail using single-crystal neutron diffraction and 
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Raman spectroscopy by Gatta et al. (2012). The stability of the structure of thaumasite was 
attributed to the geometry of hydrogen bonds that connect the main structural units. This study 
found that by decreasing the temperature, although the hydrogen bonds became shorter, the sulfate 
tetrahedra expanded, indicating negative thermal expansion at the molecular level driven by 
shrinkage of the hydrogen bonds between the [Ca3Si(OH)6.12H2O]4+ columns. Most recently, 
Scholtzováet al. (2015) performed Brillouin spectroscopy experiments and ab initio simulations to 
generate the full elasticity tensor of thaumasite. From the calculated elastic constants, the bulk, 
shear, and Young’s moduli, as well as Poisson’s ratio, of thaumasite were estimated. This was the 
only study, to our knowledge, that characterized the mechanical properties of thaumasite in the 
elastic range. There is, however, no evidence to understand the expansion, loss of strength, and 
crack formation observed in thaumasite during the experiments due to TSA. The current study 
primarily focuses on addressing this critical research gap. 
     Prior studies have demonstrated the capabilities of the reactive molecular dynamics (RMD) 
method to calculate the mechanical properties of cementitious crystalline materials (e.g., Liu et al., 
2012; Hajilar and Shafei, 2016a). In this study, first-principles based ReaxFF RMD (van Duin et 
al., 2011) simulations are performed to investigate the mechanical characteristics of thaumasite. 
The ReaxFF force field is used from Liu et al. (2012), albeit complemented with C-Ca bond 
interactions (Jaramillo-Botero et al, 2014) prepared using the GARFfield parameter optimization 
framework (Jaramillo-Botero et al., 2012). To this end, the crystalline atomistic structure of 
thaumasite is built and then deformed uniaxially in the x, y and z directions of the simulation cell. 
In addition to recording the stress-strain data, a chemical bond analysis is performed on the 
resulting atomistic trajectories to correlate the stretching of chemical bonds with the stresses 
obtained by the RMD simulations. From the stress-strain curves, the tensile strength, Young’s 
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modulus, and fracture strain of thaumasite are determined. In the next step, an extensive set of 
RMD simulations are performed to investigate the sensitivity of the mechanical properties of 
thaumasite to temperature and strain rate effects. From the results generated at a wide range of 
temperatures and strain rates, the relationships between the tensile strength of thaumasite and these 
two important factors are identified. The outcome of this study contributes to enhance the 
understanding of the key mechanical properties of thaumasite under different thermal and loading 
conditions, which can be further used to develop constitutive models for cementitious materials at 
various length scales. 
4.2 Computational Details 
4.2.1 Crystalline Structure of Thaumasite 
     Thaumasite (Ca3Si(OH)6(CO3)(SO4)·12H2O) is a rare mineral that has a hexagonal structure 
with 122 atoms in the unit cell and a space group of P63. Because more than half of the weight of 
this crystalline structure is from water and hydroxyl, thaumasite has a relatively low density of 
1.88 g/cm3. The crystalline structure of thaumasite (Figure 4-1) was first determined by Edge and 
Tylor (1971) and later refined by other studies, such as Effenberger et al. (1983) and Gatta et al. 
(2012). Thaumasite is the only known mineral that possesses silicon atoms coordinated by six 
hydroxyl groups stable at (or close to) ambient pressure-temperature conditions. Using infrared 
spectra, Moenke (1964) was the first study that recognized that thaumasite contains octahedral 
silicon atoms. It was later confirmed by 29Si NMR spectroscopy that the silicon atoms in 
thaumasite are six-coordinated (Grimmer et al., 1980; Stebbins and Kankazi, 1991). This is a 
unique feature as other silicate minerals that make up most of the earth’s crust contain silicon 
atoms coordinated to four oxygen atoms. The other two silica compounds that contain fully 
hydrated, six-fold coordinated silicon atoms, however, have been found in the synthetic high-
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pressure phase D, MgSi(OH)2O4 (Yang et al., 1997; Frost and Fei, 1998) and MgSi(OH)6 (Wunder 
et al., 2012).  
(a) 
(b) 
 
 
 
Figure 4-1. (a) Unit cell of thaumasite; (b) The crystal structure of Thaumasite viewed from 
(001). The color scheme is as follows: Blue: Silicon; Cyan: Calcium; Yellow: Sulfur, 
Brown: Carbon; Red: Oxygen; White: Hydrogen 
 
     In thaumasite, six hydroxyl groups are coordinated to Si4+, resulting in Si(OH)62- anions, which 
are balanced by Ca2+ cations. These anions and cations are surrounded by 12 water molecules that 
form columns of [Ca3Si(OH)6.12H2O]4+, which lay parallel to the c axis of the unit cell. These 
78 
 
columns are interconnected only through hydrogen bonding with the SO42- and CO32- groups 
located in the interstitial positions in the channels between the columns. The sulfate and carbonate 
groups that neutralize the excess charge of the system alternate along the c axis of the unit cell and 
are fully ordered. 
4.2.2 Mechanical properties from RMD Simulations 
     The RMD simulations are conducted using the large-scale atomic/molecular massively parallel 
simulator (LAMMPS) package (Plimpton, 1995).The triclinic unit cell of thaumasite is built in the 
LAMMPS input format using the latest crystallographic data available in the literature (Gatta et 
al., 2012). Because thaumasite crystallizes in a trigonal lattice (a, b, and c axes), the simulation 
cell is generated by extending the unit cell of thaumasite three times in the a, b, and c directions. 
The simulation cell of thaumasite contains a total of 3294 atoms. The interatomic interactions are 
described using the ReaxFF force field developed by van Duin et al. (2001). ReaxFF partitions the 
total energy of interactions similar to those found in classical nonreactive force fields, that is, in 
valence, nonbonded, and H-bond terms, but it introduces bond order dependencies on valence 
terms and additional potential energy corrections in the form of penalties or contributions to 
properly describe bond dissociation and formation under different environmental conditions. By 
using a bond length/order relationship, smooth transitions from nonbonded to single, double, and 
triple bonded systems, and vice versa, are obtained. Furthermore, charges are allowed to change 
as bonds are broken or formed. The van der Waals (vdW) interactions are included between all 
atoms, not just nonbonded ones, which allows the valence bonding interaction to be monotonically 
attractive. Because the vdW inner wall balances the bond attraction, all valence interactions depend 
on the bond order and go to zero as the bonds are broken. All parameters are obtained directly and 
systematically from quantum mechanics. The atomic charges calculated by the charge equilibrium 
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(QEq) method (Rappe and Goddard, 1991) are updated at each time step. The ReaxFF parameters 
used in this study have been derived from Liu et al. (2012) and then extended and reoptimized to 
include all sulfur interactions using GARFfield (Jaramillo-Botero et al., 2014). To ensure the 
structural stability and conformity of the thaumasite model in ambient conditions, its 3×3×3 super 
cell is equilibrated for 100 ps using an isobaric-isothermal (NPT) ensemble at 298 K and 0 atm at 
a time step of 0.25 fs. The final 50 ps of the equilibrated trajectories are used to compute the cell 
parameters. Convergence of a variety of parameters, including total energy and its components, 
lattice parameters, and volume, are particularly monitored and ensured. The equilibrated molecular 
structure of thaumasite is then used as the initial configuration for characterization of the stress-
strain behavior at both elastic and plastic ranges. 
4.2.3 Calculating Elastic Properties at Finite Temperature  
     The elastic constants of thaumasite are calculated from the linear relation between the stress 
and strain tensors within the limit of infinitesimal deformation. In this study, the elastic constants 
are calculated from the 3×3×3 super cell of thaumasite equilibrated at room temperature (298 K). 
The simulation cell is then subjected to 12 strain configurations, including three uniaxial 
tension/compression pairs and three shear pairs. Small deformations for each configuration have 
been applied to ensure that the strains remain in the elastic range. Each separate straining 
simulation is performed for 30 ps with a time step of 0.25 fs. The pressure of the system for the 
last 10 ps dynamics is recorded to obtain the elastic constants. During the course of straining, the 
positions of the atoms in the simulation cell are equilibrated in a microcanonical (NVE) ensemble 
coupled with a Langevin thermostat, which keeps the temperature at 298 K. Once the elastic 
constants are determined, the Voigt-Reuss-Hill (VRH) elastic properties of thaumasite are 
estimated following the method described in our previous studies (Hajilar and Shafei, 2014 and 
80 
 
2015). The ReaxFF calculated elastic properties are then compared with those available in the 
literature. 
4.2.4 Calculating Stress-Strain Response 
     The equilibrated simulation cell of thaumasite is subjected to a range of uniaxial tensile strains 
along each of the three orthogonal x, y and z directions. During the infinitesimal deformation, a 
constant strain rate (i.e., 0.0005, 0.001, 0.005, and 0.01 ps-1) is applied to the simulation cell. The 
atoms in the simulation cell are then fully relaxed to fit within new dimensions. It must be noted 
that the directions perpendicular to the one under external strain are allowed to relax 
anisotropically in order to capture the material’s Poisson ratio. This can be achieved by using the 
NPT ensemble equations of motion with NULL pressure in the deformation direction and 1.0 atm 
pressure in the other two directions. The evolution of atomic stress in the molecular structure is 
recorded as a function of strain. The cell stress fluctuations induced by kinetic contributions are 
smeared by averaging the atomic stresses over a short time interval of 100 time steps. The straining 
procedure is repeated for all three Cartesian axes (x, y, and z) and continues until the maximum 
target strain of 25% is reached. The full set of stress and strain data are then used to generate the 
stress-strain curves for each strain direction. To examine the stress-strain behavior, 1000 strained 
conformers are recorded at equal intervals of the full strain range for further chemical bond and 
structural damage analyses. The chemical bond analysis is used to fully characterize the structural 
response of thaumasite under uniaxial strain. 
4.3 Results and Discussions 
4.3.1 Structural Properties of Thaumasite 
     The cell parameters of thaumasite equilibrated over the course of 100 ps NPT-RMD at ambient 
temperature and pressure are reported in Table 4-1. The calculated unit cell parameters accurately 
reproduce the experimental values with a difference less than 4% for all cases.  
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Table 4-1. Thaumasite cell parameters calculated using ReaxFF and obtained by Gatta et 
al.’s (2012) experimental tests. 
 
Cell Parameters ReaxFF NPT-RMD Experiment Difference (%) 
a/b  (Å) 11.4048 11.0545 3.20 
c  (Å) 10.8245 10.4131 3.95 
 
In addition to ambient temperature (298 K) equilibration, the cell parameters of thaumasite are 
further investigated at different temperatures. Because thaumasite dehydrates at temperatures 
above 380 K (Brough and Atkinson, 2001), the range of temperature considered in this study is 
100-380 K. Figure 4-2 illustrates the volume and unit cell parameters of thaumasite at different 
temperatures within the established range.  
 
Figure 4-2. Thermal expansion of thaumasite between 100 and 380 K. 
 
     It can be observed that the thermal expansion of the a- and b-axis directions are very different 
from that of the c-axis direction. While the volume and a- and b-axis parameters expand by 2.38 
and 1.19%, respectively, as the temperature increases from 100 to 380 K, the c-axis parameters 
remain relatively unchanged. This is primarily due to the fact that thaumasite has strong ionic-
covalent [Ca3Si(OH)6.12H2O]4+  columns along the c-axis direction. The main intercolumn 
supports in the a- and b-axis directions are the hydrogen bonds to the sulfate and carbonate groups, 
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which expand with increasing temperature. However, the strong nature of Ca-O and Si-O bonds 
resist the temperature-induced expansion in the c-axis direction. Table 4-2 summarizes the mean 
thermal expansion coefficients of thaumasite within the temperature range considered in this study. 
The thermal expansion coefficient of thaumasite parallel to the columnar structures is relatively 
constant and, in some cases negative when compared to that of the transverse direction. This can 
be attributed to the negative thermal expansion of the silicate octahedra, observed in the past 
experimental tests (Jacobsen et al., 2003). The thermal expansion coefficients of thaumasite 
change linearly over the temperature range of 100-380 K, which is consistent with the findings of 
Martucci and Cruciani (2006). 
Table 4-2. Mean thermal expansion coefficients of thaumasite in various temperature 
ranges. 
 
 100-200 K 200-298 K 298-380 K 100-380 K 
αV (×10-5 K-1) 8.50 7.10 9.94 8.50 
αa  (×10-5 K-1) 5.53 2.85 4.26 4.24 
αc  (×10-5 K-1) -2.57 1.39 1.39 -2.54 
 
4.3.2 Mechanical Properties of Thaumasite 
     Mechanical properties of thaumasite, including those associated with the elastic and plastic 
ranges, are presented and discussed in this section. Table 4-3 lists the elastic constants as well as 
the VRH elastic properties of thaumasite computed from the RMD simulations along with those 
obtained using Brillouin spectroscopy (Scholtzová et al., 2015). It can be seen that the results from 
the NVT-RMD simulations are consistent with those reported in the literature. As expected, it is 
noted that C33 is slightly smaller than C11. This is because the strong covalent bonds that exist in 
the [Ca3Si(OH)6.12H2O]4+ columns result in a higher stiffness in the a-b plane. This is similar to 
the behavior observed for the thermal expansion of thaumasite.  
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Table 4-3. Elastic properties of thaumasite calculated using ReaxFF and obtained from 
Scholtzová et al.’s (2015) experimental tests.  
 
Elastic Properties ReaxFF NVT-RMD Experiment 
C11  (GPa) 41.26 59.9 
C12  (GPa) 32.88 34.3 
C13  (GPa) 25.98 24.1 
C33  (GPa) 65.84 61.4 
C44  (GPa) 8.77 13.9 
C66  (GPa) 5.44 12.8 
K (GPa) 35.33 38.4 
G (GPa) 8.31 14.5 
E (GPa) 23.12 38.6 
ν 0.39 0.33 
 
     The direction sensitivity of the mechanical properties of thaumasite is further investigated by 
analyzing the full stress-strain curves in different directions. The simulated stress-strain curves of 
thaumasite under uniaxial tensile strains in the x/y and z directions at ambient temperature and 
pressure conditions are shown in Figure 4-3.  
 
Figure 4-3. Stress-strain curves of thaumasite under tensile strains in the x/y and z 
directions. 
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     Although thaumasite in the x/y directions is slightly more ductile than that in the z direction, 
the stress-strain curves indicate that no noticeable plastic deformation takes place before the stress 
abruptly drops once the ultimate strength is reached. This confirms the brittle nature of structural 
response of thaumasite under tensile strain. While the stress-strain curves of thaumasite in the x/y 
and z directions have similar trends, there is a significant difference in the magnitude of the peak 
stress, often called ultimate strength, as well as the fracture strain. In the x/y directions, an ultimate 
strength of 1.36 GPa is reached at a strain of 7.8%, while in the z direction, an ultimate strength of 
3.89 GPa is obtained at a strain of 9.8%. This highlights that thaumasite is almost three times 
stronger in the z direction than that in the x/y directions.  
     The stress-strain behavior observed in different directions can be further justified using 
chemical bond analysis. Figure 4-4 shows the changes in the normalized number of Ca-O, Si-O, 
S-O, C-O, and H-O bonds as a function of applied tensile strain in the x/y and z directions. In the 
x/y directions, the number of covalent Ca-O bonds decreases by increasing the applied tensile strain 
and increases when the minimum value is reached. This behavior is very consistent with the stress-
strain curve obtained for thaumasite in the x/y directions. Contrary to Ca-O, the number of S-O, 
Si-O, and C-O bonds remains unchanged over the course of tensile straining until the structure 
collapses at a strain of 19%. This indicates that the Si-O, S-O, and C-O bonds do not have a 
significant contribution to the tensile strength of thaumasite in the x/y directions. On the other 
hand, in the z direction, the number of Ca-O, Si-O, S-O, and C-O bonds varies significantly. The 
z axis is parallel to the direction of the strong [Ca3Si(OH)6.12H2O]4+ columns, which are connected 
to the sulfate and carbonate groups with an extensive network of hydrogen bonding. This leads to 
the higher strength of thaumasite in the z direction. 
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Figure 4-4. Changes in the number of bonds during the straining of thaumasite in the (a) 
x/y directions, and (b) z direction. 
 
4.3.3 Effect of Temperature Change on Mechanical Properties of Thaumasite 
     At any nonzero temperature and under no external forces, atoms in a solid still move due to 
thermal oscillations around equilibrium positions. Therefore, temperature is an important factor in 
evaluating the mechanical properties of materials given that vibrations lead to variations in bond 
strength. Here, separate sets of RMD simulations are performed to capture the sensitivity of the 
mechanical properties of thaumasite to temperature changes. The stress-strain curves of thaumasite 
86 
 
under uniaxial tensile strains at different temperatures ranging from 100 to 380 K are shown in 
Figure 4-5.  
 
Figure 4-5. Stress-strain curves of thaumasite at different temperatures under uniaxial 
tensile strains in the (a) x/y directions, and (b) z direction. 
 
     It can be seen that temperature exerts a substantial effect on the mechanical properties of 
thaumasite. With an increase in temperature, the tensile strength, Young’s modulus, and fracture 
strain of thaumasite decrease significantly (Figure 4-6). This behavior, which is referred to as the 
thermal-softening effect, has been captured for a variety of materials, such as platinum nanowire 
(Koh et al., 2005), silica glass (Pedone et al., 2008), polymer (Li and Strachan, 2011), silicene (Pei 
et al., 2014), and calcium hydroxide (Hajilar and Shafei, 2016b) to name a few. By increasing the 
temperature from 100 to 380 K, the tensile strength, Young’s modulus, and tensile strain of 
thaumasite drop by approximately 59.2, 37.5, and 37.5% in the x/y directions, respectively, and by 
37.4, 22.0, and 32.1% in the z direction, respectively.  
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Figure 4-6. Mechanical Properties of thaumasite at different temperatures under uniaxial 
tensile strains in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, and (c) 
Fracture strain. 
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     Higher temperatures lead to an increase in the internal energy and entropy of bonds, both of 
which contribute to the bond structures with lower than equilibrium bond orders. Moreover, 
because the equilibrium length of bonds is larger at higher temperatures, the bonds can faster reach 
their breaking length during the tensile straining process (Figure 4-7). As a result, the mechanical 
properties of thaumasite decrease drastically with increasing temperature. 
 
Figure 4-7. Changes in the number of bonds during the straining of thaumasite in different 
directions with various temperatures: (a) Ca-O bonds in the x/y directions, (b) Ca-O bonds 
in the z direction, (c) Si-O bonds in the z direction, and (d) C-O bonds in the z direction. 
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4.3.4 Effect of Strain Rate on Mechanical Properties of Thaumasite 
     According to the kinetic theory of solid fracture, the strain rate may significantly affect the 
mechanical properties of solids (Xiao et al., 2004). To capture the effect of strain rate on the 
mechanical properties of thaumasite, a number of strain rates ranging from 0.0005 to 0.01 ps-1 are 
chosen. This range is within those reported in previous atomistic simulations associated with the 
mechanical characterization of materials (Koh et al., 2005; Pedone et al., 2008; Pei et al., 2014; 
Wu et al., 2014). It must be noted that the selected strain rates are approximately 3 orders of 
magnitude faster than the dynamic or shock loads accessible through conventional experiments 
(Zhuang et al., 2002). The short integration time steps in molecular dynamics simulations (0.25 fs 
in this study) as well as the computational cost of calculating the interatomic forces enforce such 
limits on the strain rate. Figure 4-8 shows the stress-strain curves of thaumasite at different strain 
rates under uniaxial tensile strains at ambient temperature (298 K).  
 
Figure 4-8. Stress-strain curves of thaumasite at different strain rates under uniaxial 
tensile strains in the (a) x/y directions, and (b) z direction.  
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Figure 4-9. Mechanical Properties of thaumasite under uniaxial tensile strains with various 
strain rates in the x/y and z directions: (a) Tensile strength, (b) Young’s modulus, and (c) 
Fracture strain. 
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     The ultimate strength of thaumasite (and the proportionality limit) slightly increases with 
increasing the strain rate, while the modulus of elasticity seems to be independent of the strain 
rate. By decreasing the strain rate from 0.01 to 0.0005 ps-1, the ultimate strength of thaumasite 
drops from 4.94 to 3.89 GPa in the z direction and from 1.72 to 1.36 GPa in the x/y directions. A 
similar trend is captured for the fracture strain of thaumasite (Figure 4-9).  
 
Figure 4-10. Changes in the number of bonds during the straining of thaumasite in 
different directions with various strain rates: (a) Ca-O bonds in the x/y directions, (b) Ca-O 
bonds in the z direction, (c) Si-O bonds in the z direction, and (d) C-O bonds in the z 
direction. 
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     The fact that a lower strain rate results in reduced mechanical strength has been demonstrated 
via macroscopic experiments for cementitious materials (Rossi, 1997). Lower strain rates tend to 
increase the effect of thermal fluctuations that promote bond dissociation. Figure 4-10 confirms 
this postulate by showing the change in the number of chemical bonds in thaumasite strained with 
different rates. As the strain rate decreases, the dissociation rate of bonds increases. Moreover, 
Figure 4-8 shows that at higher strain rates a complete fracture requires a larger strain. This can 
also be inferred from the chemical bond analysis shown in Figure 4-10, which highlights that as 
the strain rate increases, a larger strain is needed for bonds to break. In other words, fast mechanical 
loading may reduce the probability of fracture. 
4.4 Conclusions 
     The mechanical properties of thaumasite were fully characterized in this study for the first time 
using RMD simulations. The simulation results showed that the stress-strain relationships of 
thaumasite are substantially dependent on the direction of the applied strain. Thaumasite was found 
to be three times stronger in the z direction than that in the x/y directions. This was because of the 
contribution of strong [Ca3Si(OH)6.12H2O]4+ columns that exist in the z direction. Bond analysis 
revealed that in the x/y directions Ca-O bonds are the only bonds that resist tensile deformations. 
In the z direction, however, the contribution of Si-O, S-O, and C-O bonds must be recognized as 
well. This properly explains the significant difference observed in the mechanical strength of 
thaumasite in the three orthogonal directions. The effects of temperature change and strain rate on 
the mechanical properties of thaumasite were also investigated in detail. As the temperature 
increases, the rate of chemical bond dissociation increases, which in turn results in a substantial 
reduction in the mechanical strength of thaumasite. On the other hand, a decrease in the strain rate 
93 
 
favors larger atomic fluctuations accompanied by temperature-induced rearrangements, which 
caused a noticeable reduction in the mechanical strength of thaumasite. 
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CHAPTER 5: STRENGTH ANISOTROPY AND TENSION-COMPRESSION 
ASYMMETRY IN COMPLEX SULFATE-BEARING CRYSTALS 
 
     Ettringite and thaumasite are the main byproducts of complex chemical reactions that take place 
in cementitious materials during sulfate attack. These two sulfate-bearing crystals are known to 
experience excessive strains and stresses in various crystallographic directions during 
precipitation. Considering that this process can cause extensive structural damage to the hardened 
cement paste, the current study investigates, for the first time, the effects of strain intensity and 
direction by simulating the atomic structures of both ettringite and thaumasite under a range of 
uniaxial and biaxial strains. For this purpose, the reactive molecular dynamics method is employed 
to capture the breakage and formation of chemical bonds during the course of straining. A 
comprehensive bond analysis is performed to unravel the atomistic processes underlying the 
plastic behavior of ettringite and thaumasite under different straining conditions. From biaxial 
simulations, the flow stresses are determined, particularly to characterize the plane stress flow 
surfaces of ettringite and thaumasite. A set of yield criteria are examined to identify the most 
suitable criterion that captures the intrinsic features observed from the constitutive response of 
ettringite and thaumasite under various straining states. The outcome of this study is an important 
step forward to developing representative constitutive models that can be used to evaluate and 
optimize the mechanical properties of cementitious materials exposed to harsh environmental 
conditions.  
5.1 Introduction 
     Sulfate attack has been identified as one of the main deterioration mechanisms, which adversely 
affect the long-term durability and performance of civil infrastructures made of cementitious 
materials. For this group of materials, sulfate attack refers to a chain of chemical reactions between 
a sulfate-rich source and the hydrated products of cement. Depending on the source of sulfate, both 
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external and internal sulfate attack are possible. The former occurs when the sulfates that are 
present in the water or soil penetrate into the hardened cement paste, while the latter takes place 
when sulfate-contaminated aggregates or cements with a high sulfate content are used. The 
chemical reactions associated with sulfate attack are known to result in the formation of a number 
of sulfate-bearing crystals, including ettringite, [Ca6[Al(OH)6]2(SO4)3.26H2O] and thaumasite 
[Ca3Si(OH)6(CO3)(SO4).12H2O] (Santhanam et al., 2002 and 2003; Neville, 2004). Depending on 
the hydrated products involved in sulfate attack reactions and the products formed as a result of 
sulfate attack, deterioration in cementitious materials can be caused by two distinct mechanisms 
in the hardened cement paste: (1) expansion and spalling, and (2) loss of strength and adhesion.  
     To address the expansion and spalling of the hardened cement paste, which is mainly due to the 
formation of ettringite, and the loss of strength and adhesion of the hardened cement paste, which 
is primarily caused by the precipitation of thaumasite, it is critical to investigate the constitutive 
response of both ettringite and thaumasite crystals under various strains and stresses. The 
experimental studies available in the literature are limited to the prediction of the elastic properties 
of these two crystals using the Brillouin spectroscopy technique (Speziale et al., 2008; Scholtzová 
et al., 2015). This is because of the challenges involved in the preparation of ideal single crystalline 
samples for evaluating their plastic response under mechanical loads. Continuum theories of 
plasticity have been developed to provide a phenomenological description of failure in 
cementitious materials (Ortiz, 1985; Chen, 2007). Despite the frequent use of such top-down 
theories, they fail to provide an in-depth understanding of the role of atomic structures in the 
mechanical properties of cementitious materials. With recent advances in computational tools, this 
gap can now be addressed through the investigation of the physicochemical properties of 
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cementitious materials using representative models that complement the classical theories of 
continuum mechanics and laboratory experimental tests.  
     Atomistic computational methods, such as classical energy minimization (Manzano, 2009), 
molecular dynamics (Hajilar and Shafei, 2014 and 2015), and density functional theory (DFT) 
(Scholtzová et al., 2015) have been employed to characterize the elastic properties of ettringite and 
thaumasite. It was observed that the elasticity tensor of both ettringite and thaumasite are highly 
anisotropic along different crystallographic directions. Manzano et al. (2012) studied the effect of 
hydrostatic pressure on the elastic properties of ettringite using the DFT method. It was revealed 
that at high pressures (above 2.5 GPa), there is a drastic increase in the bulk modulus of ettringite. 
This was attributed to the densification of the hydrogen bond network. Liu et al. (2012) 
investigated the failure modes of ettringite under uniaxial tensile and compressive strains. It was 
observed that the breakage of Ca-O bonds is the main contributor to the failure of ettringite under 
uniaxial strains. Hajilar and Shafei (2016a) performed reactive molecular dynamics (RMD) 
simulations to evaluate the mechanical failure mechanisms of ettringite under uniaxial tensile 
strains. It was found that the segregation and breakage of the tricalcium aluminate columns lead 
to the mechanical failure in each crystallographic direction. More recently, the effect of 
temperature and strain rate on the mechanical response of thaumasite under uniaxial tensile strains 
were studied using a set of RMD simulations (Hajilar et al., 2017).  
     Despite the contribution of the previous efforts to characterize the mechanical response of 
ettringite and thaumasite under uniaxial loads, the constitutive behavior of them under multiaxial 
loading configurations had remained largely unknown. This was the main motivation of the current 
study to address this research gap, for the first time, by developing an atomistic computational 
framework to predict the plastic response of ettringite and thaumasite under various multiaxial 
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strains. Such a framework replicates the real-world exposure scenarios, in which multiaxial strain 
states are commonly formed within the cement matrix, due to the precipitation of ettringite and 
thaumasite during the sulfate attack reactions (Glasser et al., 2008). For simulation purposes, the 
RMD method is employed to equilibrate the atomic structures of ettringite and thaumasite to the 
ambient temperature and pressure conditions. The equilibrated structures are then subjected to 
uniaxial and biaxial states of tensile and compressive strain to obtain full plane stress flow surfaces. 
A separate bond analysis is performed to unravel the atomistic processes underlying the plastic 
response of ettringite and thaumasite under various states of straining. Furthermore, various yield 
criteria, such as von Mises, Drucker-Prager, Hill, and Liu-Huang-Stout, are examined to identify 
the criterion that can successfully capture the plastic response of ettringite and thaumasite under 
multiaxial strains. This is expected to transform the understanding of the constitutive response of 
complex sulfate-bearing phases of cementitious materials, especially under harsh environmental 
conditions.  
5.2 Computational Simulations 
5.2.1 Atomic Structures of Sulfate-Bearing Crystals 
     Ettringite is formed as a result of chemical reactions on monosulfoaluminate 
[Ca4Al2.4(OH)12.8(SO4).6(H2O)] during sulfate attack. This process is commonly referred to as 
delayed ettringite formation (DEF), which creates a significant expansion and possibility of 
damage to the hardened cement paste (Taylor, 1997). Ettringite has a needle-shaped morphology 
with the chemical composition of Ca6[Al(OH)6]2(SO4)3.26H2O and a density of 1.8 g/cm3. 
Ettringite crystallizes in a trigonal system with 256 atoms in its unit cell with the space group of 
P31c (Figure 5-1).  
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(a) 
 
  
(b) 
 
 
Figure 5-1. A 3 × 3 × 1 crystalline structure of ettringite (a) projected along the c-axis, 
showing the arrangement of tricalcium aluminate columns, and (b) in the a-b plane, 
illustrating the sulfate groups and water molecules between the cylindrical tricalcium 
aluminate columns. The color scheme is as follows: Green: Calcium; Pink: Aluminum; 
Yellow: Sulfur, Red: Oxygen; and White: Hydrogen. 
 
     The crystalline structure of ettringite, which has been fully characterized in the literature 
(Moore and Taylor, 1968; Hartman and Berliner, 2006), consists of columns and channels running 
parallel to the c-axis of hexagonal prisms (Hajilar and Shafei, 2018). The composition of the 
columns and the channels are [Ca6[Al(OH)6]2.24H2O]6+ and [(SO4)3.2H2O]6-, respectively. Each 
column is formed from a chain of polyhedra made of one aluminum and three calcium atoms. The 
aluminum atoms are each six-fold, octahedrally coordinated with six hydroxyl groups. The 
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calcium atoms, on the other hand, are each eight-fold, coordinated with four hydroxyl groups and 
four water molecules. A distinct aspect of this crystal is the presence of an extensive network of 
hydrogen bonds along a central column of aluminum and calcium polyhedra. In ettringite, 
hydrogen bonds are formed when a hydrogen site is present between two oxygen atoms separated 
by a distance of 3.3 Å. The hydrogen bond network provides additional structural support to the 
tricalcium aluminate columns.  
     In the other category of chemical reactions during sulfate attack, the sulfate groups react with 
calcium hydroxide (Ca(OH)2 or CH in cement notation) and calcium-silicate-hydrates (C-S-H in 
cement notation, with unfixed stoichiometry). This results in the formation of gypsum, and 
subsequently, loss of strength and adhesion, mainly due to the decalcification of C-S-H (Mehta, 
1994). If a carbonate-rich source is present in addition to the CH and C-S-H, the sulfate attack 
reactions lead to the formation of thaumasite. The carbonate ions needed for the formation of 
thaumasite can be provided either by carbon dioxide dissolved in the penetrating water or the 
limestone (CaCO3) that exists in the aggregates and fillers. The formation of thaumasite transforms 
the hardened cement paste into a mushy, incohesive mass with a significantly reduced strength and 
adhesion (Glasser et al., 2008). This chemical process is often favored by a humid environment 
and a temperature lower than 15 °C (Crammond, 2002).  
     Thaumasite [Ca3[Si(OH)6.12H2O)].CO3.SO4] is a mineral that has a hexagonal structure with 
122 atoms in its unit cell and the space group of P63 (Figure 5-2). With a density of 1.88 g/cm3, 
more than half of the weight of this crystal is from water and hydroxyl groups. The crystalline 
structure of thaumasite was first determined by Edge and Tylor (1971) and later refined by other 
studies, such as Effenberger et al. (1983) and Gatta et al. (2012).  
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Figure 5-2. A 3 × 3 × 3 crystalline structure of thaumasite (a) projected along the c-axis, 
showing the arrangement of tricalcium silicate columns, and (b) in the a-b plane, 
illustrating the sulfate and carbonate groups, as well as the water molecules between the 
cylindrical tricalcium silicate columns. The color scheme is as follows: Green: Calcium; 
Orange: Silicon; Yellow: Sulfur, Gray: Carbon; Red: Oxygen; White: Hydrogen. 
 
     Thaumasite is the only known mineral that possesses silicon atoms coordinated by six hydroxyl 
groups stable in the ambient temperature and pressure (Moenke, 1964; Grimmer et al., 1980; 
Stebbins and Kankazi, 1991). This is a unique feature, as the other silicate minerals that form most 
of the earth’s crust contain silicon atoms coordinated to four oxygen atoms. In thaumasite, six 
hydroxyl groups are coordinated to Si4+, resulting in Si(OH)62-, which are balanced by Ca2+. These 
anions and cations are surrounded by twelve water molecules, which form the cylindrical columns 
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of [Ca3Si(OH)6.12H2O]4+ along the c-axis of the unit cell. These columns are interconnected only 
through hydrogen bonding with the SO42- and CO32- groups located in the channels between the 
columns. The sulfate and carbonate groups that neutralize the excess charge of the system are fully 
ordered and alternate along the c-axis of the unit cell. 
5.2.2 Model Details 
     The LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) program 
(Plimpton, 1995) installed on a parallel Linux cluster is used to perform the RMD simulations. 
The unit cells of ettringite and thaumasite crystals are constructed in LAMMPS using the latest 
crystallographic data available in the literature (Hartman and Berliner, 2006; Gatta et al., 2012). 
Each unit cell is then transformed into an orthorhombic cell (x, y, and z axes) with the z axis parallel 
to the original c axis. To maintain the periodicity of the new orthorhombic lattice, it is necessary 
to double the size in the a axis direction, resulting in a pseudo-orthorhombic simulation cell twice 
the size of the initial unit cell. Therefore, the simulation cell, which hereafter is referred to as 
orthorhombic supercell, contains 512 and 244 atoms for ettringite and thaumasite, respectively. 
The orthorhombic supercells are then periodically extended in the x, y, and z directions. The 
extended ettringite and thaumasite supercells are 2x×2y×2z and 2x×3y×3z, which contain a total 
of 4,096 and 4,392 atoms, respectively. The RMD simulations are performed on three-dimensional 
computational cells with periodic boundary conditions applied to the x, y, and z directions (Allen 
and Tildesley, 1987).  
     To evaluate the atomic interactions, the potential energy of the system must be determined at 
each step of a simulation. This cannot be achieved without introducing a forcefield (potential 
energy) that accurately estimates the forces among different atoms. From the variety of available 
forcefields, the ReaxFF forcefield developed by van Duin et al. (2001) is used in this study. 
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ReaxFF has been successfully used to investigate the mechanical properties of various 
cementitious materials (e.g., Liu et al., 2012; Bauchy et al., 2015; Hou et al., 2015; Palkovic et al., 
2015 and 2016; Hajilar and Shafei, 2016(a); Hajilar et al., 2017). In ReaxFF, the short-range 
interactions are determined by length-bond orders. This approach can effectively capture the bond 
breakage and formation, as the bonded interactions are allowed to decay smoothly to zero. The 
non-bonded Columbic and van der Waals interactions are calculated for all the atoms in the system 
using a 7th order taper function with an outer cutoff of 10 Å. The atomic charges are determined 
by the charge equilibrium (QEq) method (Rappe and Goddard, 1991) and are updated at each time 
step. Using the ReaxFF/C implementation of ReaxFF in LAMMPS (Aktulga et al., 2012), the 
supercells of ettringite and thaumasite are equilibrated in the isobaric-isothermal ensemble (NPT) 
for 100 ps (picosecond, 10-12 s) at 298 K and 0 atm with a time step of 0.25 fs (femtosecond, 10-15 
s). To ensure the thermodynamic equilibrium during the RMD simulations, the convergence of a 
variety of parameters (e.g., total energy and its components, temperature, and pressure) is closely 
monitored. The equilibrated structures are used as initial configurations for the straining process.  
5.2.3 Straining Procedure 
     Two sets of RMD simulations are performed to explore the plastic deformations of the 
equilibrated atomic structures of ettringite and thaumasite. While the first set is designed to find 
the deformations under uniaxial tensile and compressive strains, the second set is intended to 
develop the biaxial yield surfaces. A total of 80 independent simulations are performed to capture 
the mechanical response of the two sulfate-bearing crystals under various multiaxial straining 
conditions applied to different crystallographic directions. Consistent with the previous studies 
(Hajilar and Shafei 2016(a) and 2016(b); Hajilar et al., 2017), various strain rates ranging from 
0.0001 to 0.001/ps are used. During the straining process, the positions of atoms in the straining 
107 
 
direction(s) are remapped to fit within the new dimensions of the supercells. To ensure capturing 
the Poisson’s effect, the direction(s) perpendicular to the one under external strains are allowed to 
relax anisotropically. This can be achieved by using the NPT equations of motion at zero pressure 
in the unloaded direction(s). The virial stress evolution in the atomic structures is recorded while 
the supercells are strained. The straining process continues until the target strain of 0.20 Å/Å is 
reached for each simulation case.  
     To examine the stress-strain behavior, 1,000 strained structural configurations are employed 
for further chemical bond analyses. RMD simulations provide valuable information about the 
dynamic of trajectories, which can be used to explain the mechanical behavior of ettringite and 
thaumasite crystals, especially under large strains. To this end, the average number of bonds is 
computed for all the bonds that exist in each supercell. The bonds that can potentially contribute 
to resisting the applied tensile/compressive strains are then identified through a constant 
monitoring of changes in the number of bonds present in the system. The outcome of such a holistic 
bond analysis is used to characterize, for the first time, the atomistic origin of the mechanical 
response of ettringite and thaumasite under various states of straining. 
5.3 Results and Discussions 
5.3.1 Uniaxial Straining  
     The stress-strain curves of ettringite and thaumasite subjected to uniaxial tensile and 
compressive strains in the y and z directions are presented in Figure 5-3. It can be seen in this 
figure that the initial portion of all the stress-strain curves is linear, confirming the elastic behavior 
expected under small strains. Beyond the elastic range, there is an onset of nonlinearity 
corresponding to the plastic range, in which stress either suddenly drops after the maximum stress 
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is reached (e.g., in the z direction) or decreases gradually with increasing the strain, representing a 
strain softening behavior (e.g., in the y direction).  
(a)  
(b)  
 
Figure 5-3. Stress-strain relationship of (a) ettringite and (b) thaumasite under uniaxial 
tensile and compressive strains in the individual y and z directions. 
 
     The maximum tensile stress in the y and z directions are 1.42 and 4.99 GPa for ettringite and 
1.36 and 4.13 GPa for thaumasite, respectively. A similar trend is observed for compressive strains 
in the y and z directions. This strength anisotropy highlights that both crystalline structures are 
0
1
2
3
4
5
6
0.00 0.05 0.10 0.15 0.20
St
re
ss
 Y
 (G
Pa
)
Strain Y
Tension
Compression
0
1
2
3
4
5
6
0.00 0.05 0.10 0.15 0.20
St
re
ss
 Z
 (G
Pa
)
Strain Z
Tension
Compression
0
1
2
3
4
5
6
0.00 0.05 0.10 0.15 0.20
St
re
ss
 Y
 (G
Pa
)
Strain Y
Tension
Compression
0
1
2
3
4
5
6
0.00 0.05 0.10 0.15 0.20
St
re
ss
 Z
 (G
Pa
)
Strain Z
Tension
Compression
109 
 
mechanically stronger in the z direction than in the y direction. While the maximum tensile and 
compressive stresses are very close to each other in the z direction, the maximum compressive 
stress is 40% larger than the maximum tensile stress for both ettringite and thaumasite in the y 
direction. The evident asymmetry in the plastic response is a characteristic of cementitious 
materials, frequently observed in the macroscopic laboratory tests (e.g., Sfer et al., 2002; Hampel 
et al., 2009; Ritter and Curbach, 2016; Wang et al., 2016). The chemical bond analysis conducted 
on RMD simulation results sheds light on the atomistic origins of the strength anisotropy and 
tension-compression asymmetry observed for ettringite and thaumasite. 
(a) (b) 
(c) (d) 
 
Figure 5-4. Changes in the number of (a) Ca-O, (b) Al-O, (c) S-O, and (d) H-O bonds 
during the uniaxial straining of ettringite in the individual y and z directions. 
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     Figure 5-4 shows the normalized number of Ca-O, Al-O, S-O, and H-O bonds as the tensile 
and compressive strains increase in the y and z directions. It can be seen that the number of Ca-O 
bonds changes significantly during the tensile and compressive straining in the y and z directions. 
While the number of Al-O bonds in the y direction remains unchanged, this number experiences a 
sudden drop in the z direction when a tensile and compressive strain of 0.12 and 0.14 is reached, 
respectively. This is completely consistent with the observations made on the stress-strain curves 
(see Figure 5-3) and highlights the fact that the covalent Ca-O and high-energy Al-O bonds in the 
tricalcium aluminate columns placed along the c-axis directly contribute to providing the 
additional mechanical strength in the z direction (compared to the y direction). Unlike Ca-O and 
Al-O bonds, the number of S-O and H-O bonds do not undergo any observable changes in any of 
the strain configurations, indicating their negligible contribution to resisting external mechanical 
strains.  
     Changes in the number of Ca-O, Si-O, S-O, and C-O bonds during the uniaxial straining of 
thaumasite in the y and z directions are presented in Figure 5-5. In the y direction, only the number 
of covalent Ca-O bonds changes with the applied tensile and compressive strains. Unlike Ca-O, 
the number of S-O, Si-O and C-O bonds remains unchanged over the course of straining until the 
target strain is reached. This indicates that the bonds other than Ca-O have a minimal effect on the 
mechanical strength of thaumasite in the y direction. On the other hand, in the z direction, the 
number of Ca-O, Si-O, S-O, and C-O bonds vary significantly. The z-axis is parallel to the direction 
of strong tricalcium silicate columns, which are connected to the sulfate and carbonate groups with 
an extensive network of hydrogen bonds. This leads to the contribution of a diverse set of bonds 
in the z direction.  
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(a) (b) 
(c) (d) 
 
Figure 5-5. Changes in the number of (a) Ca-O, (b) Si-O, (c) S-O, and (d) C-O bonds 
during the uniaxial straining of thaumasite in the individual y and z directions. 
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observed in the stress-strain curves. Under the tensile strains in the y direction, the hydrogen bond 
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mechanical strength of ettringite and thaumasite increases. Thus, it can be concluded that the 
breakage and densification of the hydrogen bond network are mainly responsible for the stress 
asymmetry that has been captured in the stress-strain relationships under tensile and compressive 
strains, respectively.   
5.3.2 Biaxial Straining 
     To obtain an in-depth understanding of how the strain intensity and direction affect the 
mechanical response of ettringite and thaumasite, the investigations are extended to biaxial 
straining states. This is achieved by deforming the ettringite and thaumasite crystals in the y and z 
directions, while the stress in the x axis is maintained at or very close to zero. Figures 5-6 and 5-7 
illustrate the mechanical response of ettringite and thaumasite under a balanced biaxial tensile and 
compressive straining condition, in which the target strain in both y and z directions are set to 0.2 
Å/Å. Similar to uniaxial straining, the maximum stresses in the z direction are always larger than 
those in the y direction. It must be noted that the maximum stresses obtained from the biaxial 
simulations are consistently smaller than the ones extracted from the uniaxial simulations. This is 
due to the fact that a biaxial strain induces damage to more than one crystallographic direction. A 
tension-compression strength asymmetry similar to the uniaxial straining states is evident in the 
biaxial straining states of opposite sign. As can be inferred from Figures 5-6 and 5-7, the 
compressive flow stresses are always greater than the tensile ones, particularly in the y direction.   
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(a) (b) 
(c) (d) 
 
Figure 5-6. Stress-strain relationship of ettringite under biaxial strains in both y and z 
directions. 
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(a) (b) 
(c) (d) 
 
Figure 5-7. Stress-strain relationship of thaumasite under biaxial strains in both y and z 
directions. 
 
     Figures 5-8 and 5-9 demonstrate the change in the number of chemical bonds over the course 
of biaxial straining of ettringite and thaumasite, respectively. As for ettringite, it can be seen that 
the number of Ca-O bonds decreases substantially when the supercell is compressed in the z 
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aluminate groups and formation of Ca-water bonds (as a result of the Poisson’s effect in the x 
direction). As expected, the strong Al-O bonds are stretched only under tensile strains in the z 
direction. The number of S-O and H-O bonds, however, do not undergo any changes during the 
biaxial straining conditions. This was observed under the uniaxial straining conditions as well. As 
for thaumasite, changes in the number of Ca-O bonds is similar to what captured for ettringite 
under the biaxial straining simulations. In addition, the Si-O bonds are found to effectively resist 
the deformations in the y and z directions, regardless of the sign of strain. While the C-O bonds 
also contribute to resisting the biaxial strains (similar to the uniaxial ones), less than 3% of the S-
O bonds are affected, only after the peak stresses are reached.  
(a) (b) 
(c) (d) 
 
Figure 5-8. Changes in the number of (a) Ca-O, (b) Al-O, (c) S-O, and (d) H-O bonds 
during the biaxial straining of ettringite in both y and z directions. 
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(a) (b) 
(c) (d) 
 
Figure 5-9. Changes in the number of (a) Ca-O, (b) Si-O, (c) S-O, and (d) C-O bonds 
during the biaxial straining of thaumasite in both y and z directions. 
 
     To evaluate the yield surface for ettringite and thaumasite, the RMD simulations are extended 
to various states of unbalanced biaxial straining, in which while the target strain in one direction 
is set to 0.20 Å/Å, the other direction is strained only until a fraction of 0.20 Å/Å (i.e., 0.04, 0.08, 
0.12, and 0.16 Å/Å). The sign of the applied strain (i.e., tension and compression) is also changed 
in the y and z directions to produce various dual tension, dual compression, and mixed tension-
compression biaxial straining conditions. Because of natural oscillations in the regions of nonlinear 
elastic-plastic behavior, the yield stress cannot be consistently extracted from the stress-strain 
curves. Thus, with no significant approximation, the flow stress is employed in the current study 
for further investigations. As the flow stress can be directly converted to the yield stress using 
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empirical equations, the flow surface is believed to be very similar to the yield surface (Lund and 
Schuh, 2005). Figure 5-10 presents the flow surface of ettringite and thaumasite under various 
biaxial straining states. The dual tension and compression states appear in quadrant I and III, 
respectively. The mixed tension and compression biaxial states are captured in quadrants II and 
IV. The uniaxial straining states fall on the axes separating the quadrants. For both ettringite and 
thaumasite, the ellipsoidal surfaces are stretched along the z direction, reflecting the strength 
anisotropy discussed in the previous section. The semi-major axis of the ettringite’s ellipse is found 
to be longer than that of the thaumasite’s ellipse. This indicates that the tricalcium aluminate 
columns of ettringite are stronger than the tricalcium silicate columns of thaumasite.  
(a) (b) 
 
Figure 5-10. Biaxial flow surface of (a) ettringite and (b) thaumasite obtained from RMD 
simulations.  
 
5.3.3 Yield Criteria 
     Yield criteria are investigated to predict the onset of plastic deformation (or flow stress) in the 
crystalline structures under consideration. Due to the fact that ettringite and thaumasite can 
experience strains and stresses in various directions during sulfate attack, identification of a 
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representative constitutive model for them is an important step forward to evaluate and optimize 
the mechanical properties of the sulfate-bearing crystals exposed to harsh environmental 
conditions. The most conventional yield criteria for ductile materials, such as metals and alloys, 
are Tresca and von Mises, in which the yield stress is determined by the deviatoric stress 
experienced by the material under a given state of external loads. In the Tresca criterion, the 
intermediate principal stresses are excluded and a piecewise linear model is used. On the other 
hand, the von Mises criterion, which applies an equal weight to the three orthogonal principal 
stresses, is believed to provide a better fit due to its curvature. Assuming σij as a stress component 
in a Cartesian coordinate system, the deviatoric part of the stress (Sij) is determined as: 
௜ܵ௝ ൌ ߪ௜௝ െ 13ߪ௞௞ߜ௜௝																																																																																																																														ሺ5 െ 1ሻ 
where δij is the Kronecker delta. The von Mises criterion (von Mises, 1913) is defined as: 
ܬଶଵ/ଶ െ ݇ ൌ 0																																																																																																																																									ሺ5 െ 2ሻ 
where J2 is the second invariant of the deviatoric stress tensor, and k is the yield stress in the state 
of pure shear. Figures 5-11(a) and 5-12(a) show the von Mises yield criterion fitted to the flow 
surfaces of ettringite and thaumasite, respectively. The solid and dashed lines indicate the upper 
and lower bounds of the fit, respectively. It can be observed that the von Mises criterion represents 
an ellipsoidal surface, which is symmetric with respect to its origin. Therefore, it is unable to 
capture the tension-compression asymmetry effect evident in the biaxial flow data obtained from 
the RMD simulations. In addition, the major axis of the yield locus is inclined with a 45° angle 
with respect to the horizontal coordinate axis, preventing its appropriate fit to the strength 
anisotropy between the y and z directions. This highlights that the maximum shear criterion is not 
sufficient to explain the plastic behavior of the ettringite and thaumasite crystals. The von Mises 
yield criterion fits materials that deform by a reversible shear mechanism. This requires a yielding 
119 
 
criterion that only depends on the magnitude of the resolved shear stress. An efficient way of 
extending the von Mises criterion to include the stress asymmetry effect is to add a factor to the 
first invariant of the stress tensor (I1). This has been proposed by Drucker and Prager (1952): 
ܬଶଵ/ଶ ൅ ߙܫଵ െ ݇ ൌ 0																																																																																																																													ሺ5 െ 3ሻ 
where α is the material parameter, which accounts for the effect of normal stress (or hydrostatic 
pressure) on the yield condition. While the Drucker-Prager criterion can be reduced to the von 
Mises criterion if α is assumed equal to zero, the yield locus of the Drucker-Prager criterion, in the 
general form, is not required to be centered on the origin, as can be seen in Figures 5-11(b) and 5-
12(b). As a result, the Drucker-Prager criterion can effectively capture tension-compression stress 
asymmetry in the plastic behavior of ettringite and thaumasite. Nonetheless, this criterion is not 
capable of describing the biaxial flow data with unequal stresses in the y and z directions. As an 
alternative, Hill (1948) proposed an anisotropic yield function by extending the theoretical 
framework of the von Mises criterion to include the states of anisotropy, which possess three 
mutually orthogonal planes of symmetry. The Hill criterion, which is a quadratic function of the 
components of stress tensor, can be expressed as: 
ܨሺߪଶଶ െ ߪଷଷሻଶ ൅ ܩሺߪଷଷ െ ߪଵଵሻଶ ൅ ܪሺߪଵଵ െ ߪଶଶሻଶ ൅ 2ܮߪଶଷଶ 	
																																																									൅2ܯߪଷଵଶ ൅ 2ܰߪଵଶଶ െ 1 ൌ 0																																																							ሺ5 െ 4ሻ 
where F, G, H, L, M, and N are the material parameters that describe the current state of anisotropy. 
This function is reduced to the von Mises criterion if the anisotropy is neglected. The upper and 
lower bounds of the Hill criterion exhibit a good fit to the simulation results, which capture the 
directionality effect of stresses under tensile and compressive strains, respectively (see Figures 5-
11(c) and 5-12(c)). Furthermore, the yield locus of the Hill criterion represents an ellipsoidal 
surface, which is still symmetric about the origin. It can be observed that this criterion consistently 
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underestimates the flow surfaces in compression, while it overestimates the ones in tension. Hence, 
it is found not capable of capturing the hydrostatic pressure effects due to the tension-compression 
asymmetry. Liu et al. (1997) addressed this shortcoming by extending the Hill criterion with the 
addition of the diagonal components of the stress tensor: 
ሼܨሺߪଶଶ െ ߪଷଷሻଶ ൅ ܩሺߪଷଷ െ ߪଵଵሻଶ ൅ ܪሺߪଵଵ െ ߪଶଶሻଶ ൅ 2ܮߪଶଷଶ ൅ 2ܯߪଷଵଶ ൅ 2ܰߪଵଶଶ ሽ
ଵ
ଶ	
																																																				൅ܫߪଵଵ ൅ ܬߪଶଶ ൅ ܭߪଷଷ െ 1 ൌ 0																																																						ሺ5 െ 5ሻ 
where I, J, and, K are the material parameters that describe the stress differential effect due to the 
dependency of the yield surface to the normal stress (or hydrostatic pressure). The Liu-Huang-
Stout criterion provides a great fit to the biaxial flow data of ettringite and thaumasite obtained 
from the RMD simulations (see Figures 5-11(d) and 5-12(d)). The eccentricity of the yield surfaces 
with respect to the origin successfully accounts for the tension-compression asymmetry and 
strength anisotropy effects. It can be observed that a quadratic yield function with nine anisotropy 
coefficients can adequately capture all the major features of the biaxial flow surface, such as 
ellipsoidal characteristic, anisotropy in the plastic behavior, and asymmetry in the flow stress. The 
fitness of the yield criterion can be further refined with increasing either the order of the 
polynomial yield function or the number of anisotropy coefficients included in Equation 5. Such 
refinements are, however, not necessarily favorable for engineering applications, as they not only 
sophisticate the calculations, but also require additional experimental tests to determine all the 
necessary material coefficients.  
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(a) (b) 
(c) (d) 
 
Figure 5-11. Predicted flow surface for ettringite using (a) von Mises, (b) Drucker-Prager, 
(c) Hill, and (d) Liu-Huang-Stout yield criteria. 
 
 
 
 
 
 
 
 
 
 
122 
 
(a) (b) 
(c) (d) 
 
Figure 5-12. Predicted flow surface for thaumasite using (a) von Mises, (b) Drucker-
Prager, (c) Hill, and (d) Liu-Huang-Stout yield criteria. 
 
5.4 Conclusions 
     The RMD method was employed to investigate the elastic-to-plastic transition in the atomic 
structure of two of the most important sulfate-bearing crystals, i.e., ettringite and thaumasite, under 
multiaxial straining conditions. The stress-strain relationships obtained from uniaxial straining 
showed an initial linear elastic response, followed by a gradual transition to a fully plastic behavior. 
123 
 
It was observed that ettringite and thaumasite are about three times stronger in the z direction 
compared to the y direction, reflecting a strength anisotropy. While the tensile and compressive 
strengths were very close to each other in the z direction, both ettringite and thaumasite were found 
to be stronger under compression than tension in the y direction. This tensile-compressive stress 
asymmetry, which was evident at the atomic scale, resembles the similar feature of cementitious 
materials observed at large length scales. To understand the atomistic origins of the constitutive 
response of ettringite and thaumasite under various tensile and compressive straining conditions, 
a holistic chemical bond analysis was performed. It was revealed that the contribution of dissimilar 
chemical bonds to resisting the applied strains is the main reason for the strength anisotropy 
observed in the stress-strain relationships of ettringite and thaumasite. Furthermore, the stress 
asymmetry in the tension and compression was attributed to the breakage and densification of the 
hydrogen bond network between the tricalcium aluminate and tricalcium silicate columns of 
ettringite and thaumasite, respectively.  
     In addition to the uniaxial straining conditions, the atomic structures of ettringite and thaumasite 
were subjected to various states of biaxial straining. For all the biaxial straining simulations, the 
strength in the z direction was consistently larger than that in the y direction. The stress asymmetry 
was also evident for the states of biaxial straining in the y direction under both tension and 
compression. Based on the flow surfaces developed for ettringite and thaumasite, various yield 
criteria were examined to identify a criterion that can mathematically represent the main features 
captured in the biaxial flow data extracted from the RMD simulations. It was found that the Liu-
Huang-Stout criterion provides the best fit to the flow surfaces of ettringite and thaumasite. The 
identified yield criterion included a quadratic function that was calibrated to effectively capture 
the ellipsoidal characteristic, strength anisotropy, and stress asymmetry in the flow surfaces of 
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both crystalline structures under consideration. This led to the first-known constitutive model for 
the complex sulfate-bearing crystals that are formed in cementitious materials.  
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CHAPTER 6: ATOMIC-SCALE INVESTIGATION OF PHYSICAL ADSORPTION OF 
WATER MOLECULES AND AGGRESSIVE IONS TO ETTRINGITE’S SURFACES 
 
     The strength and durability of cementitious composite materials are adversely affected by the 
ingress of water and aggressive ions into their intrinsic meso- and nano-pore spaces. Among 
various phases of hydrated cement paste (HCP), the aluminum-rich phases play a critical role in 
controlling the diffusivity of aqueous solutions containing aggressive ions. To this date, however, 
there has been no systematic study to understand the adsorption mechanisms and chloride binding 
capacity of aluminum-rich phases of HCP. This research gap has been the motivation of the current 
study to investigate the physical adsorption characteristics of ettringite as the main aluminum-rich 
phase of HCP and the primary hydrated product of calcium sulfoaluminate cement. Through a set 
of Molecular Dynamics simulations supported by macro-scale experimental tests, a fundamental 
insight into the molecular origins of the diffusion of water molecules, as well as sodium and 
chloride ions, in contact with ettringite is provided. As the primary objective of this study is to 
evaluate the transport properties at and near the solution/solid interfaces, the molecular 
mechanisms of adsorption are characterized for inner- and outer-sphere distances from the solid 
substrate. With an in-depth understanding of the structure and dynamics of water molecules and 
aggressive ions in contact with ettringite’s surfaces, the outcome of this study provides reliable 
measures of physical adsorption, binding capacity, and self-diffusion coefficient, which can be 
further employed to introduce strategies to avoid the degradation of a wide variety of cementitious 
materials exposed to harsh environmental conditions.  
6.1 Introduction 
     The adsorption of water and diffusive ions to a solid’s surface has a critical importance in a 
variety of chemical and physical processes, involving pollutant diffusion, waste disposal, mineral 
weathering, and structural degradation. This has dramatically increased the interest in the 
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investigation of the solution-solid interface in several disciplines, ranging from environmental 
engineering and materials science to geology and cement chemistry. In microporous materials, 
such as hydrated cement paste (HCP), physical, chemical, and mechanical properties are greatly 
influenced by the ingress of water molecules and aggressive ions into intrinsic pore spaces 
(Anderson et al., 1989; Tritthart, 1989; Beaudoin et al., 1990). For the concrete structures exposed 
to harsh environmental conditions, chloride ions are known as one of the main aggressive ions, 
which can be originated from exposure to seawater, deicing salts used during the winter, or soils 
with a saline environment. Chloride ions can also come from internal sources, which can be 
contaminated aggregates or the admixtures that contain chlorides (e.g., calcium chloride added to 
the concrete mix to improve cold weather pouring). In the chloride-contaminated concrete 
structures, chloride ions that exist in the pore solution tend to diffuse towards reinforcing steel bars 
embedded in the concrete matrix. As a result, the pH near the embedded bars decreases; the 
protective film surrounding the reinforcement is damaged; and the degradation of the concrete 
structure is initiated, leading to the long-term strength and durability issues in this important 
category of cementitious composite materials (Alipour et al., 2011 and 2013; Shafei et al., 2012 
and 2013; Shafei and Alipour, 2015a,b). Despite the growing concerns about such degradations, 
there is a major gap in the literature to understand the origin of chloride diffusion mechanisms at 
the molecular level and characterize how water molecules, as well as sodium and chloride ions, 
interact at the surfaces of HCP.  
     Water molecules in contact with HCP are often classified into three main types of chemically-
bounded, physically-bounded, and unbounded (or free) water molecules. The chemically-bounded 
water molecules refer to the ones that are connected to the HCP by forming chemical bonds. The 
physically-bounded water molecules, on the other hand, are the ones that interact with the surface 
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of the HCP with no chemical bonds. Finally, the unbounded water molecules are the ones that are 
confined within capillary pores with no interactions with the surface of the HCP. The three types 
of water molecules in the HCP were investigated using 1H Fourier transform nuclear magnetic 
resonance (NMR) at 400 MHz (Wang et al., 1998). It was found that the physically-bounded water 
molecules diffuse out of the sample when heated to 105 °C. In contrast, the chemically-bounded 
water molecules remain in a stable form as calcium hydroxide complexes. Bordallo et al. (2006) 
employed the quasi-elastic neutron scattering (QENS) technique to study water mobility in the 
HCP. Since no QE signal was observed when the samples were heated to 105 °C, it was concluded 
that both physically-bounded and unbounded water molecules evaporate, while the chemically-
bounded water molecules remain in place. The study revealed two distinct diffusion processes: 
one due to unbounded water molecules with a diffusion coefficient in the range of 10-9 m2/s, and 
the other attributed to water molecules in the gel pore with a diffusion coefficient one order of 
magnitude smaller than that of the unbounded one’s.  
     Similar to water molecules, chloride ions interact with the HCP as either “bound” or “free” 
ions. The former refers to the ions chemically bounded to the surrounding surfaces, whereas the 
latter denotes the ones encapsulated in the gel’s pore spaces. It must be noted that free chloride 
ions are the aggressive ions that can freely diffuse into the HCP. In the existing literature, Yu and 
Kirkpatrick (2001) studied the mechanisms of chloride sorption to the HCP, including calcium 
hydroxide, carboaluminate, and calcium silicate hydrates, using NMR experiments. Among the 
phases considered, it was found that chloride ions have the highest and lowest affinity to calcium 
hydroxide and calcium silicate hydrates, respectively. Jones et al. (2003) employed magnetic angle 
spinning (MAS) NMR spectroscopy to study the chemical environment of the 27Al-bearing phases 
of HCP. It was revealed that the calcium aluminate trisulfate hydrates (AFt) have virtually no 
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capacity to chemically react with chlorides. In contrast, through the exchange of chloride ions with 
hydroxide ones, calcium aluminate monosulfate hydrates (AFm) are transformed to a new phase 
called Friedel’s salt. Barberon et al. (2005) studied the effect of sodium and chloride ions on the 
structural chemistry of HCP. It was observed that sodium ions were not affected by the hydration 
process, while the 27Al and 29Si spectroscopy confirmed that only the aluminum-rich hydrated 
phases of cement interact with chlorides. 
     Despite the wealth of information provided by experimental studies, many of atomic-level 
interactions between water molecules, aggressive ions, and HCP phases have remained poorly 
understood. This is primarily due to the challenges associated with experimental tests, from sample 
preparation to accurate measurement at relevant length and time scales. Atomistic simulations, 
however, can offer a promising solution, which not only plays a critical role to further interpret the 
experimental test results, but also advances the fundamental knowledge of the structure and 
dynamics of solid-aqueous interfaces (Liu et al., 2012; Manzano et al., 2012; Hajilar and Shafei 
2014, 2015, and 2016a,b; Hajilar et al., 2017; Manzano et al., 2015; Krishnan et al., 2016). A 
limited number of molecular dynamics (MD) studies are available in the literature to characterize 
the diffusion of water molecules and chloride ions within the nano-pores of HCP. Kalinichev and 
Kirkpatrick (2002) investigated chloride binding to the surfaces of calcium hydroxide, hydrated 
calcium aluminate, and calcium silicate phases. Among the phases studied, it was found that 
Friedel’s salt and calcium silicate hydrates have the highest and lowest chloride binding capacity, 
respectively. The structure, dynamics, and energetics of water at the surfaces of calcium silicate 
hydrates were explored by Kalinichev et al. (2007). A strong structuring of water molecules was 
observed in the channels between the driekette silicate chains and above the (001) surface of 
calcium silicate hydrates. This was attributed to the integrated H-bond network between the water 
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and surface sites. In a separate effort, the transport of water and ions in the nano-pores of calcium 
hydroxide and calcium silicate hydrates was studied by Hou and Li (2014a,b) and Hou et al. 
(2016). The water molecules in the channels were categorized into two types with structural and 
dynamic similarity to the interlayer water molecules that exist in the calcium silicate hydrate gel. 
It was reported that the chloride ions are mostly repulsed by the negatively-charged surfaces of 
calcium silicate hydrates, resulting in a low binding capacity. On the other hand, the ion adsorption 
capacity of calcium hydroxide was found to be relatively high due to the stable Na-Cl connections 
in the electrolyte solution.  
     The MD simulations conducted to this date for understanding the diffusion of aggressive ions 
in the HCP have been primarily focused on calcium hydroxide and calcium silicate hydrates, 
without taking into account the contribution of the other important hydrated cement phases, 
particularly calcium aluminate hydrates. As suggested by the previous experimental tests (Yu and 
Kirkpatrick, 2001; Jones et al., 2003; Barberon et al., 2005), the chloride binding capacity of 
cementitious materials is dominated by the content of calcium aluminate hydrates (i.e., AFm and 
AFt). This is completely in line with the fact that under chloride attack, AFm compounds are the 
ones that bind chloride ions through chemical substitutions, resulting in the formation of a 
secondary phase called Friedel’s salt (Arya et al., 1990; Suryavanshi et al., 1996; Glasser et al., 
1999). At certain chloride concentrations, however, AFm compounds are completely dissociated, 
while AFt compounds remain stable and can physically adsorb the diffusing chloride ions (Ekolu 
et al., 2006). This was the main motivation for the current study to characterize the physical 
adsorption of water molecules and aggressive ions to the surfaces of ettringite, which is known as 
the main AFt compound (Taylor, 1997). Ettringite is not only the most abundant aluminum-rich 
phase of HCP, but also is the most important binding phase in the calcium sulfoaluminate cement, 
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which has been recognized as an environment-friendly alternative to Portland cement. In this 
study, an extensive set of MD simulations are performed to investigate the structure and dynamics 
of water, as well as sodium and chloride ions, in contact with ettringite’s surfaces. The aqueous 
layer is comprised of NaCl solutions with concentrations ranging from 0.1 to 1.5 M. In each 
simulation, the aqueous layer is placed in contact with two ettringite’s surfaces; the entire system 
is fully equilibrated; and then the trajectories are recorded for further analysis. The analyses 
performed on the recorded trajectories determine atomic density profiles, adsorption statistics, 
binding isotherms, planar atomic density distributions, dipolar and HH orientation profiles, radial 
distribution functions, and self-diffusion coefficients. The outcome of this study, which is 
supported by a range of experimental tests, is an important step forward to unravel the molecular 
origins of degradation of aluminum-rich hydrated phases of cement paste at their interfaces with 
water molecules and aggressive ions.    
6.2 Computational Methodology 
6.2.1 Structural Models 
     Ettringite has a needle-shape morphology with the chemical composition of 
Ca6[Al(OH)6]2(SO4)3⋅26H2O. A distinct aspect of this crystal is the existence of a network of 
hydrogen bonds along a central column of aluminum and calcium polyhedra. The aluminum atoms 
are each six-fold, octahedrally coordinated with six hydroxyl groups. The calcium atoms, on the 
other hand, are each eight-fold, coordinated with four hydroxyl groups and four water molecules. 
The excess charge of the tricalcium aluminate columns is neutralized with the sulfate ions that 
exist in the channels between them. Ettringite has a trigonal unit cell with a space group of P31c 
and a density of 1.8 g/cm3. In this study, the crystallographic data needed to model the atomic 
structure of ettringite is obtained from Moore and Taylor (1970). The unit cell of ettringite is 
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converted into an orthogonal cell following the procedure described by Hajilar and Shafei (2016a). 
The orthogonal unit cell of ettringite is then repeated in the x, y, and z directions to form a 2×2×2 
super cell. The super cell of ettringite is cleaved parallel to the (100) plane to create the contact 
surfaces that expose the hydroxyl groups and oxygen atoms located on the surface of ettringite to 
aqueous solutions, as also suggested by Brown (2001).   
     The simulation cell is generated by adding a vacuum slab of 60 Å thick between the ettringite’s 
surfaces. This slab is later filled with water molecules and NaCl to form the aqueous layer. Since 
a three-dimensional periodic boundary condition is applied to the simulation cell (Allen and 
Tildesley, 1987), the thickness of the solution layer is chosen large enough to eliminate any direct 
interactions between the two solution-ettringite interfaces. To obtain the expected density of bulk 
aqueous solution under ambient conditions (i.e., 1.0 g/cm3), close to 4,000 water molecules are 
packed in the vacuum slab. A total of 7, 14, 35, 71, and 106 sodium and chloride ions are then 
added to the aqueous layer to produce 0.1, 0.2, 0.5, 1.0, and 1.5 M NaCl solutions, respectively. 
To avoid biased adsorptions, the added ions are placed (at least) 15 Å away from solid substrates. 
The final simulation cells, which contain approximately 16,000 atoms, are large enough to deliver 
stable statistical results. The dimension of the simulation cell, which is 80.00, 45.04, and 42.96 Å, 
in the x, y, and z directions, respectively, is fixed during the entire MD simulations (Towns et al., 
2014). Figure 6-1 illustrates the initial configuration of the 0.5 M NaCl solution in contact with 
the ettringite’s surfaces. All the MD simulations start with a configuration similar to the one shown 
in this figure. 
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Figure 6-1. Initial configuration of the 0.5 M NaCl concentration solution in contact with 
the ettringite’s surfaces. Color code: green (Ca), yellow (S), pink (Al), red (O), white (H), 
cyan (Cl-), and purple (Na+). 
 
6.2.2 MD Simulations 
     The CLAYFF forcefield (Cygan et al., 2004) is used in the current study to model ettringite and 
its interactions with the aqueous solutions of NaCl. The CLAYFF forcefield has been specifically 
developed to simulate the ion-ion and ion-water interactions of oxide and hydroxide phases that 
exist in cementitious materials. Furthermore, a comprehensive review of the literature indicates 
that CLAYFF has been successfully employed to model the interactions between the other 
cementitious phases and aqueous solutions (Kalinichev and Kirkpatrick, 2002; Kalinichev et al., 
2007; Korb et al., 2007; Yoon and Monteiro, 2013; Hou and Li, 2014a,b; Hou et al., 2016). The 
energy term in CLAYFF is formulated with the superposition of two-body and three-body 
interactions expressed by a summation of bonded (valance) and nonbonded interactions. The 
harmonic bond stretching and angle bending terms are used to describe the bonded interactions. 
The nonbonded interactions, i.e., electrostatic and van der Waals energies, are defined using the 
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Coulomb and Lennard-Jones 12-6 functionals, respectively. In Equation 1, the first two terms 
designate the bonded energy terms, while the last two represent the nonbonded interactions: 
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where i, j, and k are atom numbers and kr,ij and kθ,ijk are the force constants; r0,ij and θ0,ijk represent 
the equilibrium bond length and bond angle, respectively; e is the electron’s charge (1.602 × 10-19 
c); ε0 is the dielectric permittivity of vacuum (8.85 × 10-12 F/m); qi and qj are the partial charges of 
the i-th and j-th atoms derived by the quantum chemistry methods; and Dij and Rij are the energy 
and distance parameters of Lennard-Jones 12-6, respectively. All long-range electrostatic 
interactions are treated using the Ewald summation method (Ewald, 1921; Allen and Tildesley, 
1987). The flexible single point charge (SPC) (Berendsen et al., 1981) water model is employed 
to describe the water molecules and hydroxyl groups. The SPC model, which has been widely used 
to study the structure and properties of water molecules and aqueous systems (Berendsen et al., 
1987; Teleman et al., 1987; Wallqvist and Teleman, 1991; Smith and Haymet, 1993; Smith and 
Dang, 1994; van der Spoel et al., 1998; Kalinichev et al., 2000; Vasconcelo et al., 2007), is based 
on partial charges centered directly on the oxygen and hydrogen atoms. Further to water molecules 
and hydroxyl groups, the sulfate groups are described using the bonded interactions (Cannon et 
al., 1994). The van der Waals interaction parameters between unlike atoms are calculated 
according to the arithmetic and geometric mean rule for the distance (D) and energy (R) 
parameters, respectively.  
     The LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) program 
(Plimpton, 1995) installed on a parallel Linux cluster is used to perform the MD simulations. The 
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canonical ensemble, which represents the constant number of atoms (N), volume (V), and 
temperature (T) at 300 K, is used. The Nosé-Hoover thermostat (Nosé, 1984; Hoover, 1985) is 
employed to control the temperature in the MD simulations with a relaxation time of 100 fs 
(femtosecond, 10-15 s). The equations of motion are integrated using the Verlet’s algorithm (Verlet, 
1967 and 1968) with a time step of 1.0 fs. The MD simulations contain two stages of equilibration 
and production. The simulation cell is first equilibrated for 500 ps (picosecond, 10-12 s) and the 
convergence of a variety of thermodynamic parameters (e.g., total energy and its components, 
temperature, and pressure) is closely monitored and ensured. This is followed by the production 
stage, in which the simulation cell is equilibrated for 5.0 ns (nanosecond, 10-9 s). The dynamic 
trajectories are recorded every 500 fs to produce 10,000 atomic configurations, which are large 
enough to guarantee the statistical stability of data analysis.  
6.3 Results and Discussions 
6.3.1 Atomic Density Profiles 
     Atomic density profile, ρα(x), is defined as the average number of atoms of type α in a slab of 
thickness Δx located at a distance of x from the ettringite’s surface, normalized by the volume of 
the system, V:  
ߩఈሺݔሻ ൌ 〈 ఈܰሺ∆ݔሻ〉ܸ 																																																																																																																															ሺ6 െ 2ሻ 
where the angle bracket, < >, denotes the average operator, and Nα is the number of atoms of type 
α. The density profiles are calculated by averaging the trajectories of each atomic species during 
the 5000 ps production dynamic equilibrium.  
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Figure 6-2. Atomic density profiles of the equilibrated (a) 0.1, (b) 0.5, and (c) 1.5 M NaCl 
solutions in contact with the surfaces of ettringite. Region 1, 2, and 3 designate the solid 
substrate, inner-sphere, and outer-sphere range, respectively. Color code: green (Ca), 
yellow (S), pink (Al), red (Wat-O), gray (Wat-H), cyan (Cl-), and purple (Na+). 
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     Figure 6-2 shows the atomic density profiles of various species for the NaCl solutions of 0.1, 
0.5, and 1.5 M in equilibrium with the ettringite’s surfaces. The arithmetic average of the x-
coordinates of the utmost oxygen atoms of the surface sulfate groups is considered as the surface 
level. Region 1, 2, and 3 correspond to the solid substrate, inner-sphere, and outer-sphere range, 
respectively. In this study, the inner-sphere range refers to an adsorbed ion located at a maximum 
distance of 2.5-3.0 Å away from the solid substrate with no water molecules present between the 
ion and the surface. The outer-sphere range, however, defines the region 2.5-3.0 Å beyond the 
inner-sphere range, where the intermediate water molecules separate the ion from the surface. The 
ions that are located further away from the outer-sphere range are considered as free ions. The 
introduced ranges (as also shown in Figure 6-3) will remain unchanged in all the results and 
discussions provided within this work.  
 
Figure 6-3. The (100) surface of ettringite in contact with a sodium chloride aqueous 
solution. The IS, OS, and FI denote the inner-sphere adsorption, outer-sphere adsorption, 
and free ions in the solution, respectively. 
 
     Figure 6-2 shows that the first peak of the water oxygen atoms is centered at the surface level, 
while the first peak of the water hydrogen atoms is almost 1.0 Å away from the surface. This 
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indicates that the water oxygen atoms are energetically more favorable for the ettringite’s surfaces. 
It can be observed that there are three distinct peaks for the atomic density profiles of water oxygen 
atoms on both surfaces. Moreover, the peaks have occurred at the exact similar distances from 
each surface, i.e. 0.0, 2.0 and 5.0 Å for the first, second, and third peak, respectively. A Similar 
trend is observed for the atomic density profiles of water hydrogen atoms with three distinct peaks, 
which are located at a distance of 1.0, 2.5, and 5.5 Å away from each surface. For all the solution 
concentrations, there are one and two distinct peaks of oxygen and hydrogen atoms, respectively, 
which correspond to the water molecules present in the inner-sphere region. The strong orientation 
of water molecules is due to the formation of hydrogen bonds between the hydrogen and oxygen 
of water molecules with those of the ettringite’s surfaces. As the tails of the atomic density profile 
of the oxygen and hydrogen atoms extend to the solid substrate, it can be noted that strong chemical 
interactions exist between the ettringite’s surfaces and the water molecules. There is also one 
distinct peak for the water oxygen and hydrogen atoms in the outer-sphere region, which highlights 
that the presence of ettringite can affect the orientation of water molecules up to about 7.0 Å from 
each solid substrate. In the bulk solution, the atomic density profiles are relatively flat, as expected, 
suggesting that the water molecules are randomly oriented. Since the density profiles of the water 
oxygen and hydrogen atoms remain similar for solutions with different NaCl concentrations, it is 
inferred that the orientation of water molecules in contact with the ettringite’s surfaces is 
independent of the number of ions in the solution.   
     The two ettringite’s surfaces that are in contact with the aqueous solution contain positively-
charged calcium and aluminum bonded hydroxyl groups ready to attract the chloride ions present 
in the solution. For 0.1 M NaCl solution, however, most of the chloride ions are found to be 
attracted to only one surface. Since the chemistry of both surfaces is identical, this behavior is due 
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to the small number of ions in that solution, which may lead to poor statistical results. This issue 
has been addressed in the current study, in which various NaCl solution concentrations are 
investigated. With this extension, the peaks in the inner-sphere regions of both surfaces are clearly 
observed, particularly for simulation cells with a high ionic concentration. The narrow peaks 
captured in the inner-sphere regions suggest a substantial interaction between the chloride ions and 
the ettringite’s surfaces. On the other hand, because of the presence of the negatively-charged 
sulfate groups in the ettringite’s surfaces, the sodium ions are also drawn to the solid substrate. 
The inner-sphere Na+ peak, however, is relatively wide due to the superposition of two/three 
closely spaced peaks, indicating that the sodium ions do not bind to the surface as strong as chloride 
ions.  This can be attributed to the smaller size of the sodium ion, which makes it more diffusive 
at the ettringite’s surfaces. For both Cl- and Na+ density profiles, the intensity of the peaks increases 
with increasing the concentration. This is mainly due to the correlation between the ions adsorbed 
to the surfaces and the ones still present in the solution.  
6.3.2 Adsorption Statistics 
     The information provided by the atomic density profiles can be further used to obtain adsorption 
statistics. To this end, the integral of ρα(x) is taken over Δx to determine the number of atoms of 
type α present in the slab of volume Δx×b×c, where b and c are the dimensions of the simulation 
cell in the y and z directions, respectively. For the NaCl solution concentrations considered in this 
study, the density profiles of water, as well as chloride and sodium ions, are integrated to obtain 
the adsorption statistics in the inner- and outer-sphere regions (Tables 6-1 to 6-3). In these tables, 
Nt is the total number of water/ion species in the simulation cell; Nad is the number of species 
within the region of interest; Xad is the fraction of surface-bound species; and ρ is the surface site 
density (1/nm2). As can be found in Table 6-1, the inner-sphere and total (summation of inner- and 
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outer-sphere) surface-bound fractions of water molecules experience only a small reduction if the 
ionic strength increases from 0.1 M to 1.5 M NaCl. This observation was expected as the atomic 
density profiles of water molecules (discussed in the previous section) are reasonably consistent 
for the range of NaCl concentrations considered in this study. The obtained results indicate the 
strong water binding capacity of the ettringite’s surfaces, which is originated mainly from the 
integrated H-bond network between the water molecules and surface sites.  
Table 6-1. Adsorption statistics calculated from atomic density profiles of the water 
molecules. 
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 3933 362.18 9.21 18.72  540.69 13.75 27.94 
0.2 M 3933 364.05 9.26 18.81  542.29 13.79 28.03 
0.5 M 3933 350.48 8.91 18.11  530.93 13.50 27.44 
1.0 M 3933 343.14 8.72 17.73  524.74 13.34 27.12 
1.5 M 3933 347.05 8.82 17.94  529.35 13.46 27.36 
 
     For 0.1 M NaCl, a mean of 1.24 and 1.38 chloride ions are found in the inner- and inner- plus 
outer-sphere regions, respectively, while a mean of 0.95 and 1.25 sodium ions is located in the 
same regions (Tables 6-2 and 6-3). The fact that the fraction of surface-bound Cl- is higher than 
that of Na+ for all the NaCl concentrations indicates that the chloride ions have a higher affinity to 
the ettringite’s surfaces compared to the sodium ions. In a previous study conducted by Kalinichev 
and Kirkpatrick (2002), there was no chloride ion detected at the surfaces of ettringite, which could 
be due to the small number of ions (only four) or short duration of simulation (only 100 ps). 
Nonetheless, the fraction of the surface-bound Na+ recorded for the 0.1 M NaCl concentration in 
the current study (i.e., 17.92 %) is close to the one reported by Kalinichev and Kirkpatrick (2002), 
i.e., 25%.  
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Table 6-2. Adsorption statistics calculated from atomic density profiles of the chloride ions.  
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 7 1.24 17.68 0.06  1.38 19.69 0.07 
0.2 M 14 2.21 15.81 0.11  2.58 18.46 0.13 
0.5 M 35 6.08 17.37 0.31  6.93 19.81 0.36 
1.0 M 71 7.56 10.65 0.39  9.21 12.97 0.48 
1.5 M 106 11.91 11.23 0.62  15.43 14.56 0.80 
 
Table 6-3. Adsorption statistics calculated from atomic density profiles of the sodium ions.  
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 7 0.95 13.63 0.05  1.25 17.92 0.06 
0.2 M 14 1.38 9.83 0.07  2.08 14.87 0.11 
0.5 M 35 3.73 10.67 0.19  5.61 16.02 0.29 
1.0 M 71 5.46 7.68 0.28  8.58 12.08 0.44 
1.5 M 106 10.66 10.06 0.55  15.56 14.68 0.80 
 
     While the fraction of surface-bound ions decreases with increasing the solution concentration, 
the surface site density of the chloride and sodium ions have an increasing trend. This is in 
complete agreement with the binding isotherm and 35Cl NMR relaxation studies performed by Yu 
and Kirkpatrick (2001) on cement hydrate suspensions. It is worth noting that the surface site 
density increases significantly as the concentration increases from 1.0 to 1.5 M. This reflects that 
even the 1.0 M NaCl solution is still far from the saturation of ion adsorption sites located on the 
ettringite’s surfaces. For the highest ionic strength, approximately 85% of the ions remain within 
the bulk solution for a long period of time (i.e., 5000 ps). This suggests that the ettringite’s surfaces 
do not have a significant ion adsorption capacity, which is consistent with the findings of the MAS 
NMR spectroscopy performed by Jones et al. (2003).     
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6.3.3 Binding Isotherms 
     The relationship between the concentration of free and bound ions at a given temperature is 
commonly referred to as binding isotherm. Based on experimental test results, a number of binding 
isotherms have been introduced to describe the chloride binding capacity of cementitious 
materials. Tuutti (1982) proposed a linear relationship between the free and bound chlorides. This 
relationship, however, was found to be accurate only in the medium chloride concentration range, 
while it overestimates and underestimates the chloride binding capacity at high and low chloride 
concentrations, respectively (Ramachandran et al., 1984; Arya et al., 1990; Sandberg, 1999; 
Mohammed and Hamada, 2003). Nonlinear relationships between the bound and free chlorides are 
often used based on the Langmuir and Freundlich isotherms. The Langmuir isotherm assumes that 
all the adsorption sites are occupied at high concentrations (Sergi et al., 1992), while the Freundlich 
isotherm suggests that monolayer adsorption occurs at low concentrations (Luping and Nilsson, 
1993).  
     Despite the wealth of information obtained from experimental tests, there is a major gap in the 
literature to characterize the molecular origins of the chloride binding mechanism. The current 
study provides the first holistic effort to investigate this critical aspect using the MD simulations 
performed on a wide range of solution concentrations over a period of simulation time, which is 
long enough to properly capture the transport of diffusing species. Since there is no universal 
definition for the ions that are considered bounded to a surface, the plots for both inner-sphere and 
total surface-bound ions are shown in Figure 6-4. For both cases, it can be seen that there is a linear 
relationship between the bound and free ions at concentrations below 0.5 M (23.9 g/L) NaCl. This 
is in a complete agreement with the observations from the experimental tests, in which a linear 
relationship was reported for the concentrations lower than 20 g/L (Arya et al., 1990).  
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Figure 6-4. The inner-sphere and total surface-bound binding isotherms of (a) chloride ions 
and (b) sodium ions. 
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    Figure 6-4 also shows that, as the chloride concentration increases, the relationship between the 
bound and free chloride ions deviates from the linear isotherm. In the logarithmic scale, however, 
a perfect linear relationship is captured between the bound and free ions with an R-squared value 
exceeding 0.97. Such a logarithmic relationship is very much similar to the relationship provided 
by the Freundlich binding isotherm, which has been obtained from macro-scale experimental tests. 
The Freundlich isotherm can be expressed as: 
ܥ௕ ൌ ߙܥ௙ఉ																																																																																																																																														ሺ6 െ 3ሻ  
where Cb and Cf are the concentration of bound and free chloride ions, respectively, and α and β 
are the binding constants. The Freundlich binding isotherm is found to fit the binding data for the 
range of NaCl solution concentrations considered in this study very well. This supports the 
outcome of Luping and Nilsson (1993), which particularly reported the Freundlich binding 
isotherm as the best fit for the chloride concentrations up to 1.0 M.   
6.3.4 Dipolar and HH Orientation Profiles 
     Based on a comprehensive water orientation profile analysis, detailed information is obtained 
for the types of water molecules that reside at the ettringite’s interfaces. In this analysis, the 
probability distributions of dipole moments and hydrogen positions are determined for water 
molecules in different orientations relative to the normal surface using dipolar (θd) and HH (θhh) 
angles (Jin et al., 2014). As illustrated in Figure 6-5, θd refers to the angle between the dipolar 
vector (vd) of a water molecule and the surface’s normal vector [100]. On the other hand, θhh 
represents the angle between the vector passing the two hydrogen atoms of a water molecule (vhh) 
and the surface’s normal vector.  
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Figure 6-5. Schematic illustration describing dipolar (vd) and HH (vhh) vectors. 
 
     The orientation profiles that describe the distribution of θd and θhh angles are calculated for four 
water layers, each with a thickness of 1 Å (Figure 6-6). The first three orientation profiles are 
obtained for the layers that describe the first three peaks of the water oxygen atoms captured in the 
atomic density profiles of the 1.5 M NaCl solution. The last orientation profile is included as a 
benchmark for a water layer in the middle of the aqueous solution. It can be observed in Figure 6-
6(a) that water molecules at the first layer are predominantly oriented with θd at 37.5°, indicating 
that the dipole axis is tilted away from the surface. This implies that the water oxygen atoms are 
strongly adsorbed by the positively-charged tricalcium aluminate columns at the surface of 
ettringite. It is interesting to note that this orientation preference is consistent with the finding from 
the atomic density profiles (as described in Section 6.3.1), in which the water oxygen atoms are 
energetically more favorable for the ettringite’s surfaces compared to the water hydrogen atoms. 
In the second layer, there is an intensity peak at 122.5°, reflecting that the dipolar vector points 
downward to the surface. In the layers farther from the surface, the peak shifts to the center (i.e., 
90°), highlighting that the H-O bonds are parallel to the surface. The lack of orientation preference 
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is attributed to the fact that the interactions between the water molecules and the surface have 
significantly been weakened.  
 
Figure 6-6. Orientation profiles: (a) dipolar and (b) HH angle distribution. 
 
     As for the distribution of HH angles shown in Figure 6-6(b), there are two peaks in the first 
layer at 72.5° and 112.5°, showing that the water hydrogen atoms are elevated slightly different 
with respect to the x direction. For the second layer, the two peaks are merged together, resulting 
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in a wide peak from 82.5° to 97.5°. With moving away from the ettringite’s surface (i.e., third and 
fourth layer), there is a dominant orientation at 90°, implying that the two hydrogen atoms in a 
water molecule tend to elevate at the same distance in the x direction.  
6.3.5 Planar Atomic Density Distributions 
     To further understand the adsorption mechanisms of sodium and chloride ions to the ettringite’s 
surfaces, the planar atomic density distributions (PADDs) of the Cl- and Na+ are extracted from 
the MD simulations. PADD is a map of the atomic density of the atom types of interest calculated 
over the production time. For various sections selected along the x axis of the simulation cell, the 
atomic trajectories are recorded and then mapped to a grid in the y-z plane. Figure 6-7 shows the 
PADDs of the Cl- and Na+ ions present within the inner-sphere range superimposed on the 
equilibrium locations of calcium, aluminum, and sulfur atoms of ettringite. The PADDs for the 0.1 
M NaCl solution indicates that the inner-sphere chloride ions are preferentially found over the 
positively-charged tricalcium aluminate columns, while the inner-sphere sodium ions locate 
themselves over the sulfate groups that have negative charges. Some of the sodium ions, however, 
are not located within the channels between the tricalcium aluminate columns. This can be 
attributed to the smaller ionic radius of the sodium ions, which makes them more mobile compared 
to the chloride ions. It is worth noting that Na+-Cl- pair formation is also observed, mainly due to 
the coadsorption of the ions to the ettringite’s surfaces. This behavior is more pronounced when 
the ionic strength increases (as can be clearly seen in the PADDs of the 1.5 M NaCl solution). This 
indicates that a considerable number of Na+ locate themselves over the columns, where the 
chloride ions are also present and form stable NaCl compounds. 
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Figure 6-7. Planar atomic density distributions of (a) Cl- and (b) Na+ within the inner-
sphere distance from the ettringite’s surfaces superimposed on the equilibrium locations of 
Ca (green), Al (pink), and S (yellow). 
 
     In order to identify the Na+-Cl- ion pairing, the coordinates of all sodium and chloride ions that 
reside within the inner-sphere distance from the ettringite’s surfaces are recorded. A 
comprehensive cluster analysis is performed to enumerate the ion pair formation. It is assumed 
that ions within a given distance ρ are associated with each other. The distance ρ is determined 
from the first minimum in the Na+-Cl- pair distribution function (i.e., ~ 2.9 Å). For the 1.5 M NaCl 
solution, it is found that the probability of ion pairing is almost 9.6%. Since there are more than 
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22 Na+ and Cl- within the inner-sphere range (as reported in Tables 6-2 and 6-3), it can be inferred 
that there is (at least) one long-lived Na+-Cl- ion pairing in the inner-sphere range. It is important 
to note that a number of large (NamCln)n-m (2 < n+m < 5) clusters with a short lifetime are also 
identified from the cluster analysis. However, the stability of such large clusters is statistically 
unlikely as their formation probability is less than 1%.  
 
Figure 6-8. Planar atomic density distributions of (a) Cl- and (b) Na+ within the outer-
sphere distance from the ettringite’s surfaces superimposed on the equilibrium locations of 
Ca (green), Al (pink), and S (yellow).  
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     The outer-sphere PADDs of the Cl- and Na+ in the y-z plane are shown in Figure 6-8. For the 
0.1 M NaCl solution, the outer-sphere PADDs are more mobile than the inner-sphere ones. This 
higher mobility is expected as the outer-sphere ions are in a longer distance from the ettringite’s 
surfaces, and thus, are less affected by the electrostatic attractions from the ettringite’s surfaces. 
The presence of water molecules between the ions and the solid substrate makes the outer-sphere 
adsorption complexes less stable compared to the ones formed in the inner-sphere range. 
Nonetheless, it must be noted that stable, long-lived adsorption complexes are still observed in the 
outer-sphere range. For the 1.5 M NaCl solution, however, the PADDs are found to diffuse over 
the entire ettringite’s surface with a minimum indication of a long-lived complex formation. This 
can be an indication of the fact that adsorption sites on the ettringite’s surfaces are close to 
becoming fully saturated.  
6.3.6 Radial Distribution Functions 
     Atom-atom radial distribution function (RDF) is a robust tool to characterize the structure of 
adsorption sites on the ettringite’s surfaces. An RDF, gij(rij), specifies the probability density 
function of finding the atoms of type j at a distance rij from the reference atoms of type i averaged 
over time: 
݃௜௝൫ݎ௜௝൯ ൌ
〈 ௜ܰ௝〉
4ߨߩ௝ݎ௜௝ 																																																																																																																															ሺ6 െ 4ሻ 
where ρj is the density of atoms of type j, and <Nij> is the average number of atoms with type j 
found at the distance rij from the atoms of type i. The presence of a peak in the RDF indicates the 
existence of a coordinated shell of atoms of type j with the distance of rij from atoms of type i. The 
number of atoms in this shell, which is often called coordination number, nij(rij), is calculated by 
integrating the RDF function from zero to immediately after the first peak: 
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     The curve that presents the coordination numbers with respect to distance from the central atom 
of interest is referred to as running coordination number (RCN) curve. Figure 6-9 shows the RDFs 
(solid lines) and RCNs (dashed lines) of Cl- and Na+ in the central position averaged over 5000 ps 
for the 1.5 M NaCl solution in contact with the ettringite’s surfaces. The inner-sphere and bulk 
ions are included in the calculation of the adsorbed and aqueous RDFs, respectively. In the Cl--
WatO RDFs, the first peak is located at 3.25 Å, consistent for both adsorbed and aqueous ions. 
The coordination number associated with the first hydration shell for the adsorbed and aqueous 
ions is 7.01 and 7.46, respectively. Although this is comparable with the value of 6.0 obtained 
from the Infrared spectroscopic study (Bergstrom et al., 1991) and 5.6 from the Car-Parrinello MD 
simulation (Bakker, 2008), the difference can be attributed to the fact that the referenced values 
were obtained for the sodium chloride salt solutions without the presence of ettringite, the dense 
hydrogen networks of which can increase the corresponding coordination numbers. While a clear 
peak pertained to the second hydration shell is evident at 4.95 Å for the aqueous Cl-, a broad peak 
is observed for the adsorbed chloride ions. The lower coordination number for the first hydration 
shell and the absence of a clear separation between the first and second hydration shell indicate a 
weak interaction between the chloride ions and water molecules in contact with the ettringite’s 
surfaces. The Na+-WatO RDFs present two pronounced peaks centered at 2.35 and 4.55 Å from 
the Na+, which correspond to the first and second hydration shells, respectively. The coordination 
numbers of the first and second oxygen shells are 5.65, and 22.55, respectively. The presence of 
the two distinct hydration shells indicates a strong interaction between the Na+ and water 
molecules. As the distances, intensities, and coordination numbers extracted from the MD 
simulations are almost identical for adsorbed and aqueous interactions, it is inferred that the 
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ettringite’s surfaces have a minimal effect on the orientation of the sodium ions with respect to the 
water molecules. 
 
Figure 6-9. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) Cl--WatO and (b) Na+-WatO calculated for 1.5 M NaCl solution in 
equilibrium with the ettringite’s surfaces. 
 
     Figure 6-10 shows the RDFs of the sodium and chloride ions and the main structural elements 
of the ettringite’s surfaces at the inner-sphere range. To generate this set of RDFs, the ions present 
in the outer-sphere and aqueous regions are excluded from the calculations. For the Cl--Al, Cl--Ca, 
and Cl--Ho RDFs, several peaks are observed up to a long distance from the chloride ions, which 
can be attributed to the crystalline structure of ettringite. The first peak in the Cl--Al, Cl--Ca, and 
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Cl--Ho RDFs corresponds to 2.65, 4.35, and 2.45 Å from the chloride ions, respectively. This is 
consistent with the inner-sphere adsorption of chloride ions to the tricalcium aluminate columns 
as discussed in the previous section.  
 
Figure 6-10. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) chloride ions and the elements of the tricalcium aluminate columns (Al, 
Ca, and Ho), and (b) sodium ions and the elements of the sulfate groups (S and Os) 
calculated for 1.5 M NaCl solution in equilibrium with the ettringite’s surfaces. 
 
     It can be observed that the first peak in the Na+-Os and Na+-S RDFs is centered at 2.35 and 3.45 
Å, respectively. As expected, the oxygen atoms of the sulfate groups locate themselves closer to 
the adsorbed sodium ions compared to the sulfur atoms. The coordination number corresponding 
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to the first peak in the Na+-Os RDF is less than one, which suggests that the sodium ions 
energetically prefer to reside directly above one of the oxygens of each sulfate group. This 
description confirms that the inner-sphere sodium ions are adsorbed on the negatively-charged 
sulfate groups of the ettringite’s surface. 
6.3.7 Self-Diffusion Coefficients  
     To characterize the dynamic properties of the water molecules, as well as sodium and chloride 
ions, in contact with the ettringite’s surfaces, the self-diffusion coefficient of them are calculated. 
The self-diffusion coefficient of the solution species can be determined from the mean square 
displacement (MSD) as below: 
ܦ ൌ 12ߦܰ lim௧→ஶ൭
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where N is the total number of atoms; t and t0 are the current time and time at origin, respectively; 
and ξ is the dimension of the system, e.g., 3 for three-dimensional diffusion coefficients. The MSD 
of water molecules for various NaCl concentrations at the inner- and outer-sphere regions is 
obtained from the MD simulations (Figure 6-11). It can be observed that the MSDs for the outer-
sphere region are higher than the ones for the inner-sphere region. This outcome was anticipated 
as the chemical interactions from the ettringite’s surfaces lower the rate of diffusion when the ions 
approach the surface. The self-diffusion coefficients of various species are calculated following 
the procedure described in Ngouana and Kalinichev (2014), in which the quasi-linear part of the 
MSD curve over time is divided into four blocks and the arithmetic average of the slopes of the 
four independent blocks is calculated to determine the self-diffusion coefficient.  
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Figure 6-11. The MSD of water molecules for various NaCl concentrations for (a) inner-
sphere, and (b) outer-sphere regions. 
 
     As shown in Figure 6-12, the self-diffusion coefficient for the inner-sphere, outer-sphere, and 
total surface-bound water molecules fall in the range of 1.65-2.22 ×10-9, 1.71-2.48 ×10-9, and 1.68-
2.33 ×10-9 m2/s, respectively. This is consistent with the range of 0.6-2.0 ×10-9 m2/s obtained by 
the QENS experiments on the samples of hardened cement paste (Bordallo et al., 2006). It is 
observed that as the NaCl concentration increases from 0.1 to 1.5 M, the self-diffusion coefficients 
of the inner- and outer-sphere water molecules decrease by 25% and 31%, respectively. This can 
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be attributed to the low diffusivity of the ions in the system, which decelerates the mobility of 
neighboring water molecules.  
 
Figure 6-12. Self-diffusion coefficients as a function of NaCl concentration for the inner-
sphere, outer-sphere, and total surface-bound water molecules.  
 
     The self-diffusion coefficients calculated for the 1.5 M NaCl solution species are listed in Table 
6-4. The diffusion coefficients are reported for the inner- and outer-sphere, as well as the total 
surface-bound species. It is noted that the diffusion coefficients of the species reside in the inner-
sphere range are smaller than those of present in the outer-sphere range. The diffusion coefficient 
of the adsorbed chloride ions at the inner-sphere region is almost half of that of the sodium ions. 
This is because of the small size of sodium ions, which makes them more diffusive on the 
ettringite’s surfaces. This is verified with a very similar behavior observed in the PADDs shown 
in Figure 6-7.  
Table 6-4. Self-diffusion coefficients of 1.5 M NaCl solution species in contact with the 
ettringite’s surfaces. 
 
Self-diffusion coefficient H2O Cl- Na+ 
Inner-Sphere (× 10-9 m2/s) 1.65 0.43 0.83 
Outer-Sphere (× 10-9 m2/s) 1.71 1.48 1.01 
Total Surface-Bound (× 10-9 m2/s) 1.68 0.74 0.94 
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6.4 Conclusions 
     In this study, the physical adsorption mechanisms of water molecules, as well as sodium and 
chloride ions, were investigated at the inner- and outer-sphere distance ranges from the ettringite’s 
surfaces through MD simulations. For this purpose, various NaCl solution concentrations, ranging 
from 0.1 to 1.5 M, were placed in contact with the (100) surfaces of ettringite. With a total 
simulation time of 5500 ps, the equilibrated trajectories were recorded for further analysis to 
determine the transport and structural properties of the species of interest. The atomic density 
profiles of the water molecules indicated that the oxygen atoms are energetically more favorable 
for the ettringite’s surfaces compared to the hydrogen atoms. Furthermore, it was revealed that the 
atomic density profiles of the ions under consideration directly depend on the solution 
concentration. The statistical analysis showed that the fraction of the total chloride ions bounded 
to the surfaces of ettringite is more than 10% for the NaCl concentrations considered in this study. 
The Cl- and Na+ binding isotherms showed that the relation between the free and bound ions is not 
always linear. This is an important finding, which supports the data obtained from experimental 
tests on real-size cementitious materials. A complementary investigation suggested that a 
logarithmic relation, similar to the Freundlich isotherm, can properly capture the binding capacity 
in the concentrations up to 1.0 M. Moreover, the orientation of water molecules at the ettringite’s 
interfaces was investigated using water orientation profile analysis. It was determined that the 
water molecules are highly oriented close to the surface of ettringite. However, with moving away 
from the surface, no preferred orientation was observed for them. This was attributed to the 
weakened interactions between water molecules and ettringite’s surfaces.  
     In the inner-sphere distances from the ettringite’s surfaces, the chloride ions were mostly found 
on the tricalcium aluminate columns, while the sodium ions were located on the top of the oxygen 
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atoms of sulfate groups. Moreover, the Na+-Cl- pair formation was observed due to the 
coadsorption of the ions to the ettringite’s surfaces. In the outer-sphere range, however, the Na+ 
and Cl- were found to be diffusive with almost no indication of long-lived complex formations. 
The calculated RDFs indicated that unlike chloride ions, there is a weak interaction between the 
sodium ions and water molecules near the ettringite’s surfaces. It was observed that the water and 
ions present in the inner-sphere range are less mobile than those in the outer-sphere range. This 
was related to the strong electrostatic interactions between various species as they approach the 
ettringite’s surfaces. The diffusion rate of the Na+ and Cl- ions were approximately two and three 
times smaller than the water molecules, respectively. This reduced the mobility of water molecules 
as the number of ions present in the solution increased.  
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CHAPTER 7: STRUCTURE, ORIENTATION, AND DYNAMICS OF WATER-
SOLUBLE IONS ADSORBED TO BASAL SURFACES OF CALCIUM 
MONOSULFOALUMINATE HYDRATES 
 
     Ingress of water molecules and aggressive ions into nanopores of hydrated cement paste (HCP) 
is known to adversely affect the long-term durability of reinforced concrete structures exposed to 
seawater or deicing salts. The ability of reinforced concrete structures to resist chloride attack is 
primarily associated with the chloride binding capacity of the main constituents of HCP. 
Experimental tests revealed that the calcium aluminate monosulphate hydrates (AFm) phases of 
HCP play a central role in binding free chloride ions, and thus, decelerating steel corrosion. 
Nevertheless, many aspects of AFm-solution interactions remained largely unknown, especially at 
their interfaces. This was the main motivation of the current study, in which the atomistic processes 
underlying the diffusion of water molecules and chloride ions are investigated in detail using the 
classical molecular dynamics (MD) method. To this end, an aqueous layer containing various 
concentrations of sodium chloride solution is sandwiched between the basal surfaces of calcium 
monosulfoaluminate hydrate, which is the most abundant phase of AFm. The molecular 
mechanisms of adsorption of water molecules and diffusing ions are characterized for inner- and 
outer-sphere distance ranges measured from the basal surfaces. The MD simulation results, which 
are supported by experimental tests, provide for the first time an in-depth insight into the molecular 
structures, dynamic motions, and chemical interactions between sodium chloride solutions and 
AFm solid surfaces. The outcome of this study is expected to be directly employed to introduce 
strategies to prevent the degradation of a wide variety of cementitious materials exposed to harsh 
environmental conditions. 
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7.1 Introduction 
     Corrosion of steel reinforcement embedded in concrete structures is the most destructive form 
of deterioration in a variety of structures exposed to seawater or deicing salts. This is triggered by 
the diffusion of chloride ions carried by water molecules through nanopores of hydrated cement 
paste (HCP) towards the steel reinforcement covered by concrete. Once the concentration of 
chloride ions at the surface of steel reinforcement exceeds the maximum threshold, the protective 
film is disrupted and corrosion is initiated (Shafei et al., 2012; Alipour et al., 2011 and 2013; Shafei 
et al., 2013; Shafei and Alipour, 2015a,b). Considering the consequences of corrosion, design of 
concrete materials capable of resisting chloride attack has received a significant attention in 
various fields of science and engineering. This entails an in-depth understanding of the 
physicochemistry of the interface of cementitious materials and aqueous solutions. It is known that 
chloride ions interact with cementitious materials as either “bound” or “free” ions. The former 
category refers to the ions chemically or physically bound to their surrounding surfaces, whereas 
the latter category denotes the ones encapsulated in the gel’s pore spaces. It must be noted that free 
chloride ions are the ions that can freely diffuse into the nanopores of HCP and reach the embedded 
reinforcement (Anderson et al., 1989; Tritthart, 1989; Beaudoin et al., 1990). In contrast, the bound 
chloride ions retard the penetration process and contribute to preventing steel corrosion. 
Nevertheless, the chloride binding capacity is substantially different for various products of HCP, 
depending on the type of cement, mix proportion, and degree of hydration (Florea and Brouwers, 
2012; Ye et al., 2016). The cement hydration products can be divided into four main groups: (i) 
calcium silicate hydrates (C-S-H), (ii) calcium hydroxide (portlandite), (iii) calcium aluminate 
monosulphate hydrates (AFm), and (iv) calcium aluminate trisulphate hydrates (AFt). To address 
the issues regarding the diffusion of chloride ions in reinforced concrete structures, it is critical to 
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take into account the structure, orientation, and dynamics of water molecules and chloride ions, 
particularly at the surfaces of HCP products. 
     The transport of water molecules and chloride ions in HCP products has been investigated using 
experimental techniques. Yu and Kirkpatrick (2001) studied the mechanisms of chloride sorption 
to the HCP, including calcium hydroxide, carboaluminate, and calcium silicate hydrate, using 
NMR experiments. Among the phases considered, it was found that chloride ions have the highest 
and lowest affinity to calcium hydroxide and calcium silicate hydrate, respectively. Jones et al. 
(2003) employed magic angle spinning (MAS) NMR spectroscopy to study the chemical 
environment of the 27Al-bearing phases of HCP. It was revealed that calcium aluminate trisulfate 
hydrates (AFt) have virtually no capacity to chemically react with chlorides. In contrast, through 
the exchange of chloride ions with hydroxide ones, calcium aluminate monosulfate hydrates 
(AFm) are transformed to a new phase called Friedel’s salt. Barberon et al. (2005) studied the 
effect of sodium and chloride ions on the structural chemistry of the HCP. It was observed that 
sodium ions were not affected by the hydration process, while the 27Al and 29Si spectroscopy 
confirmed that only the aluminum-rich hydrated phases of cement interact with chlorides. Mesbah 
et al. (2012) investigated the uptake of chloride ions by the calcium monosulfoaluminate hydrate. 
The X-ray diffraction patterns revealed that chloride ions have a very slow reaction with calcium 
monosulfoaluminate hydrate, leading to the formation of various chloride-containing products, 
such as Kuzel’s and Friedel’s salt. In separate studies, the structure and dynamics of water 
molecules in contact with HCP were probed by 1H NMR (Wang et al., 1998; Greener et al., 2000), 
quasi-elastic neutron scattering (QENS) technique (Bordallo et al., 2006), and proton field cycling 
relaxometry (PFCR) (Korb et al., 2007). It was found that water molecules in contact with HCP 
can be classified into three main types of chemically-bound, physically-bound, and unbound (or 
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free) water molecules. The chemically-bound water molecules refer to the ones that are connected 
to the HCP by forming chemical bonds. The physically-bound water molecules, on the other hand, 
are the ones that interact with the surface of the HCP with no chemical bonds. Finally, the unbound 
water molecules are the ones that are confined within capillary pores with no interactions with the 
surface of the HCP. Two distinct diffusion processes are detected for water molecules: one due to 
unbound water molecules with a diffusion coefficient in the range of 10-9 m2/s, and the other 
attributed to the water molecules confined in the gel’s pore spaces with a diffusion coefficient one 
order of magnitude smaller than the unbound one. 
     Despite the wealth of information provided by experimental studies, many of the atomic-level 
interactions between water molecules, aggressive ions, and cement phases have remained poorly 
understood. This is primarily due to the challenges associated with experimental tests, ranging 
from preparing pure samples to performing accurate measurements, especially at small length and 
time scales. Atomistic simulations, however, can offer a promising solution, which not only helps 
further interpret the experimental test results, but also advances the fundamental knowledge of the 
structure and dynamics of solid-aqueous interfaces (Vasconcelos et al., 2007; Youssef et al., 2011; 
Ji et al., 2012; Abdolhosseini Qomi et al., 2014; Hajilar and Shafei 2014, 2015, and 2016a,b; 
Hajilar et al., 2017; Manzano et al., 2015; Krishnan et al., 2016). A limited number of molecular 
dynamics (MD) studies are available in the literature to characterize the diffusion of water 
molecules and chloride ions within the nanopores of HCP. Kalinichev and Kirkpatrick (2002) 
investigated chloride binding to the surfaces of portlandite, AFt, Friedel’s salt, and C-S-H phases. 
Among the phases studied, it was found that Friedel’s salt and C-S-H have the highest and lowest 
chloride binding capacity, respectively. The structure, dynamics, and energetics of water at the 
surfaces of C-S-H were explored by Kalinichev et al. (2007). A strong structuring of water 
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molecules was observed in the channels between the driekette silicate chains and above the (001) 
surface of C-S-H. This was attributed to the integrated H-bond network between the water and 
surface sites. In a separate effort, the transport of water and ions in the nanopores of C-S-H and 
portlandite was studied by Hou and Li (2014a,b) and Hou et al. (2016). The water molecules in 
the channels were categorized into two types based on the structural and dynamic similarity to the 
interlayer water molecules that exist in the calcium silicate hydrate gel. It was reported that the 
chloride ions are mostly repulsed by the negatively-charged surfaces of calcium silicate hydrates, 
resulting in a low binding capacity. On the other hand, the ion adsorption capacity of calcium 
hydroxide was found to be relatively high due to the stable Na-Cl connections in the electrolyte 
solution. More recently, the physical adsorption mechanisms of water molecules, as well as sodium 
and chloride ions, were investigated at the inner- and outer-sphere distance ranges from the 
ettringite’s surfaces through MD simulations (Hajilar and Shafei, 2018). It was revealed that a 
logarithmic relation, similar to the Freundlich isotherm, can properly capture the binding capacity 
in the NaCl concentrations up to 1.5 M.  
     The atomistic simulations of HCP-liquid interfaces have been limited to C-S-H, AFt, and 
portlandite to date. However, it is well-known that the AFm phases of HCP are the ones that play 
the most critical role in binding chloride ions after a chloride attack to reinforced concrete 
structures (Arya et al., 1990; Suryavanshi et al., 1996; Glasser et al., 1999; Ekolu et al., 2006). The 
AFm phases have a lamellar double hydroxide (LDH) structure composed of positively charged 
[Ca2Al(OH)6]+ layers and negatively charged [X.nH2O]- interlayers, where X is one monovalent 
anion (e.g., Cl-, I-, Br-, NO3-) or half a divalent anion (e.g., SO42- and CO32-). The most abundant 
phase of AFm contains divalent sulfate groups in its structure and is called calcium 
monosulfoaluminate hydrate, which is hereafter referred to as monosulfoaluminate for brevity 
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(Taylor, 1997; Mesbah et al., 2012). The absence of a holistic atomic-level study on the chloride 
binding capacity of the AFm phases was the main motivation for the current study to characterize 
the physical adsorption of water molecules and chloride ions to the basal surfaces of 
monosulfoaluminate. Furthermore, the LDH structure of monosulfoaluminate provides a unique 
opportunity to examine the effect of its basal (001) and (00-1) surfaces, which possess opposite 
charges, on the diffusion of water molecules and chloride ions. In this study, a layer of the aqueous 
solution with various NaCl concentrations is modeled between the basal surfaces of 
monosulfoaluminate. Each system is fully equilibrated, and then the trajectories are recorded for 
further analysis. This is to determine, for the first time, atomic density profiles, adsorption 
statistics, binding isotherms, planar atomic density distributions, dipolar and HH orientation 
profiles, radial distributions functions, and self-diffusion coefficients of water molecules and 
chloride ions adsorbed to the basal surfaces of monosulfoaluminate. The outcome of this study, 
which is supported by a range of experimental tests, provides an in-depth insight to unravel the 
molecular origins of water and chloride binding capacity in the AFm phases of HCP.  
7.2 Computational Methodology 
7.2.1 Structural Models 
     Monosulfoaluminate has a layered structure derived from calcium hydroxide, with one-third of 
calcium atoms replaced with aluminum atoms. The water content in monosulfoaluminate ranges 
from 12 to 18 (Taylor, 1997). The structure of monosulfoaluminate with 18 water molecules in the 
interlayer space has a natural analogue called kuzelite. The crystalline structure of kuzelite has 
been fully characterized by Allmann (1977). Kuzelite with the chemical composition of 
[Ca2Al(OH)6]+.[0.5SO4.3H2O]- has a trigonal unit cell, a space group of	ܴ3ത, and a density of 2.0 
g/cm3. The main layer of kuzelite consists of the brucite-like Ca2Al(OH)6 octahedral sheet with a 
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positive charge, neutralized by the sulfate groups existing in the interlayer. The calcium atoms of 
the main layer become seven-coordinated after connecting with the two-thirds of the water 
molecules present in the interlayer. The remaining water molecules together with the sulfate 
groups make the interlayer disordered. To account for the partial occupancy of sulfate groups in 
the interlayer, the unit cell is replicated in the a-b plane and then the sulfate groups at the partial 
occupancy sites are replaced with water molecules in every other cell. It must be noted that this 
group of water molecules are not involved in the hydrogen bond network, mainly because the 
distance between them and their next nearest sulfate oxygen atoms is greater than 4 Å. The 
extended unit cell of monosulfoaluminate is converted into an orthogonal cell following the 
procedure described by Hajilar and Shafei (2016a). The orthogonal unit cell of 
monosulfoaluminate is then repeated in the x, y, and z directions to form a 2×4×1 supercell, which 
contains 5,088 atoms.  
     The supercell of monosulfoaluminate is cleaved parallel to the (001) plane at the middle of the 
interlayer space to create the (001) and (00-1) basal surfaces. The former surface exposes the 
positively-charged octahedral sheet of Ca2Al(OH)6, while the latter surface presents the 
negatively-charged sheet of 0.5SO4.3H2O. To simulate the solid-liquid interface, the basal surfaces 
of monosulfoaluminate are placed in contact with a vacuum slab of 55 Å thick, which is filled with 
water molecules and NaCl to form the aqueous layer. The thickness of the aqueous layer is chosen 
large enough to eliminate the direct influence of one surface on the adsorption of water and ions 
to the other surface. Moreover, this thickness suitably represents the size of nanopores in 
cementitious materials (i.e., 50-100 Å) reported in the literature (e.g., Ma and Li, 2013). The 
dimension of the simulation cell, which is 39.90, 46.07, and 80.59 Å, in the x, y, and z directions, 
respectively, is fixed during each MD simulation. The vacuum slab is packed with close to 3,400 
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water molecules, which represent a liquid water density of 1.0 g/cm3. A total of 6, 12, 30, 61, and 
92 sodium and chloride ions are then added to the aqueous layer to produce 0.1, 0.2, 0.5, 1.0, and 
1.5 M NaCl solutions, respectively. To avoid biased adsorptions, the added ions are placed 
randomly at least 15 Å away from the solid substrates. The final simulation cells, which consist of 
a NaCl aqueous layer sandwiched between the basal surfaces of monosulfoaluminate, contain 
approximately 15,500 atoms, which are large enough to deliver stable statistical results. Figure 7-
1 illustrates the initial configuration of the 0.5 M NaCl solution in contact with the basal surfaces 
of monosulfoaluminate. All the MD simulations start with a configuration similar to the one shown 
in this figure. 
 
 
Figure 7-1. Graphical representation of the initial configuration of the 0.5 M NaCl solution 
in contact with the surfaces of monosulfoaluminate.  
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7.2.2 MD Simulations 
     The CLAYFF forcefield developed by Cygan et al. (2004) is employed in this study to model 
the interactions of the basal surfaces of monosulfoaluminate and the aqueous solutions of NaCl. 
The CLAYFF forcefield was originally developed to simulate the ion-ion and ion-water 
interactions of oxide and hydroxide phases. A comprehensive review of the existing literature 
indicates that CLAYFF has been successfully employed to model the interactions between 
cementitious phases and aqueous solutions (e.g., Kalinichev and Kirkpatrick, 2002; Kalinichev et 
al., 2007; Korb et al., 2007; Yoon and Monteiro, 2013; Hou and Li, 2014a,b; Hou et al., 2016; 
Hajilar and Shafei, 2018). The energy expression in CLAYFF is described with the superposition 
of two-body and three-body interactions formulated by a summation of bonded (valance) and 
nonbonded interactions. The nonbonded interactions, i.e., electrostatic and van der Waals energies, 
are defined using the Coulomb and Lennard-Jones (L-J) 12-6 functionals, respectively. The partial 
atomic charges in CLAYFF are derived from periodic density functional calculations for the 
atomic models of various well-characterized minerals. The L-J 12-6 parameters between different 
atoms are calculated following the arithmetic and geometric mean rule for the distance and energy 
parameters, respectively. All long-range electrostatic interactions are treated using the Ewald 
summation method (Ewald, 1921; Allen and Tildesley, 1987) with a precision of 10-4 in 
combination with the direct pairwise interactions calculated within a spherical cutoff of 10 Å. The 
harmonic bond stretching and angle bending terms are used to describe the bonded interactions. 
The only bonded interactions are those within water molecules (bond stretch and angle bend), 
hydroxyls (bond stretch), and sulfate groups (bond stretch and angle bend). The flexible single 
point charge (SPC) (Berendsen et al., 1981) water model is employed to describe the water 
molecules and hydroxyl groups. The SPC model, which has been widely used to study the structure 
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and properties of water molecules and aqueous systems, is based on partial charges centered 
directly on the oxygen and hydrogen atoms (Berendsen et al., 1987; Teleman et al., 1987; 
Wallqvist and Teleman, 1991; Smith and Haymet, 1993; Smith and Dang, 1994; van der Spoel et 
al., 1998; Kalinichev et al., 2000; Vasconcelo et al., 2007).  
     The LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) program 
(Plimpton, 1995) installed on a parallel Linux cluster is used to perform the MD simulations. A 
three-dimensional periodic boundary condition is applied to each of the simulation cells before the 
MD simulation begins (Allen and Tildesley, 1987). The canonical ensemble (NVT), which 
represents the constant number of atoms (N), volume (V), and temperature (T), is used. The Nosé-
Hoover thermostat (Nosé, 1984; Hoover, 1985) is employed to control the temperature at 300 K 
in the MD simulations with a relaxation time of 100 fs (femtosecond, 10-15 s). The equations of 
motion are integrated using the Verlet’s algorithm (Verlet, 1967 and 1968) with a time step of 1.0 
fs. The MD simulations contain two stages of equilibration and production. The simulation cell is 
first equilibrated for 500 ps (picosecond, 10-12 s) and the convergence of a variety of 
thermodynamic parameters (e.g., total energy and its components, temperature, and pressure) is 
closely monitored and ensured. This is followed by the production stage, in which the simulation 
cell is equilibrated for 5.0 ns (nanosecond, 10-9 s). The production dynamic trajectories are 
recorded every 500 fs to produce 10,000 atomic configurations, which are large enough to ensure 
the statistical stability of data analysis. The Open Visualization Tool (OVITO) package is utilized 
to demonstrate the simulation results (Stukowski, 2010). 
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7.3 Results and Discussions 
7.3.1 Configurational Analysis 
     Figure 7-2 demonstrates the snapshots of the 0.1, 0.5, and 1.5 M NaCl solutions in contact with 
the basal surfaces of monosulfoaluminate at different stages of the MD simulations.  
(a) (b) (c) 
  
 
  
 
Figure 7-2. Surfaces of monosulfoaluminate equilibrated with (a) 0.1, (b) 0.5, and (c) 1.5 M 
NaCl solutions for 500 ps (top) and 5.0 ns (bottom). Color code: green (Ca), yellow (S), pink 
(Al), red (O), white (H), cyan (Cl-), and purple (Na+) 
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     After only a few hundreds of picoseconds, the chloride and sodium ions diffuse preferentially 
towards the [Ca2Al(OH)6]+ and [0.5SO4.3H2O]- surfaces, respectively. The distribution pattern of 
the ions is then found to remain unchanged until the end of the equilibration dynamics. This 
observation together with a stable potential energy for the system confirms that the state of 
equilibrium is reached after the initial 500 ps. It is noticed that there is a complete separation 
between chloride and sodium ions at 0.1 M NaCl, as all the ions migrate to the solid surfaces of 
opposite charge. This indicates that the 0.1 M NaCl solution is far from the state of saturation. The 
chloride ions lose part of their hydration shell and reside very close to the [Ca2Al(OH)6]+ substrate 
forming an inner-sphere adsorption. In contrast, there is a layer of water molecules between some 
of the sodium ions and the [0.5SO4.3H2O]- surface, indicating an outer-sphere adsorption. In this 
study, the inner-sphere ions are the ones located at a maximum distance of 2.5-3.0 Å from the solid 
substrate, with no water molecules present in between. On the other hand, the outer-sphere ions 
are the ones that reside within 3.0 Å beyond the inner-sphere distance range, where the 
intermediate water molecules separate the ion from the surface.  
     As the concentration of sodium chloride solution increases, some ions are observed in the 
aqueous layer, in addition to those adsorbed to the surfaces. The number of such ions is small in 
0.5 M NaCl solution. However, with the increase of concentration to 1.5 M NaCl, close to 75% of 
the ions are found to remain in the bulk solution after 5.0 ns. This underscores that the solution is 
approaching a saturation state.  Furthermore, the presence of ions close to the solid substrates of 
opposite charge is evident, especially beyond the outer-sphere range. The coadoption of sodium 
and chloride ions indicates the formation of ion pairing clusters on the basal surfaces of 
monosulfoaluminate. Nonetheless, consistent with low ionic concentrations, the sodium and 
chloride ions mainly form outer- and inner-sphere complexes on the [0.5SO4.3H2O]- and 
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[Ca2Al(OH)6]+ substrates, respectively. This highlights the strong and weak affinity of the Cl- and 
Na+ ions to the basal surfaces of monosulfoaluminate, respectively. A detailed investigation of the 
recorded trajectories, which will be presented in the following sections, further support the 
observations made during MD simulations.  
7.3.2 Atomic Density Profiles 
     Atomic density profile, ρα(z), is defined as the average number of atoms of type α in a slab of 
thickness Δz located at the distance of z from the solid’s surface, normalized by the total volume 
of the system. The atomic density profiles provide an insight on how the structure of water 
molecules and aggressive ions is affected by the presence of the solid surfaces. In this study, the 
density profiles are calculated by averaging the trajectories of each atomic species during the 5.0 
ns production stage. Figure 7-3 shows the atomic density profiles for the 0.1, 0.5, and 1.5 M NaCl 
solutions in equilibrium with the basal surfaces of monosulfoaluminate. The arithmetic average of 
the z-coordinates of the utmost hydrogen atoms of the surface hydroxyl groups is considered as 
the surface level. Regions 1, 2, and 3 refer to the solid substrate, inner-sphere, and outer-sphere 
range, respectively. It is observed that there are distinct peaks in the density profiles of both 
hydrogen and oxygen atoms of water molecules (hereafter referred to as WatH and WatO, 
respectively). Such a strongly-ordered structure suggests that the water molecules at the vicinity 
of both surfaces form hydrogen bonds with the oxygen and hydrogen atoms of each other, in 
addition with those from solid substrates.  
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(a) 
(b) 
(c) 
Figure 7-3. Atomic density profiles of the equilibrated (a) 0.1, (b) 0.5, and (c) 1.5 M NaCl 
solutions in contact with the surfaces of monosulfoaluminate. Regions 1, 2, and 3 designate 
the solid substrate, inner-sphere, and outer-sphere range, respectively. Color code: green 
(Ca), yellow (S), pink (Al), red (WatO), gray (WatH), cyan (Cl-), and purple (Na+). 
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     There is one distinct peak in each of the inner- and outer-sphere ranges of the density profiles 
obtained for WatO atoms. The two peaks are, however, separated on the left side of the density 
profile plots by a pronounced peak for the sulfur atom, reflecting that the water molecules have 
diffused to the channel spaces between the structural sulfate groups. This also indicates that the 
structure of water molecules adsorbed to the negatively-charged surface is substantially different 
than that of the positively-charged surface. It is observed that interactions with the surface can 
affect the orientation of water molecules up to 10 Å from the surface on each side. The absence of 
variation in the atomic density profiles of WatO and WatH atoms at the distances beyond 10 Å 
from each surface reflects the random orientation of water molecules in the bulk water. Since the 
peaks in the atomic density profiles of WatO and WatH atoms have a similar pattern for different 
concentrations of NaCl solution, it can be inferred that the overall distribution of water molecules 
with respect to the basal surfaces of monosulfoaluminate is not greatly influenced by the 
concentration.  
     In the positively-charged side (i.e., [Ca2Al(OH)6]+ surface), there is a narrow peak in the Cl- 
atomic density profiles inside the inner-sphere region. As the concentration increases, a second 
peak in the Cl- atomic density profiles emerges in the outer-sphere region. This highlights the fact 
that there is a relatively strong interaction between the chloride ions and the [Ca2Al(OH)6]+ 
substrate. It must be noted that the long-lived presence of some Na+ close to the outer-sphere region 
for the 1.5 M NaCl confirms the ion pairing mechanism. On the other hand, in the negatively-
charged side (i.e., [0.5SO4.3H2O]- surface), it is observed that most of the Na+ ions are at the outer-
sphere range. This is supplemented with a small peak in the inner-sphere range, as the ionic 
strength increases. The density profiles of Na+ can be understood as a superposition of two very 
closely spaced peaks in the outer-sphere region.  Such a profile underscores the fact that the Na+ 
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ions have a weak affinity to the basal surfaces of monosulfoaluminate (compared to Cl- ions). In 
the atomic density profiles of both Na+ and Cl- ions, there is a significant increase in the intensity 
of the peaks as the NaCl concentration increases from 0.1 to 0.5 M. This is mainly due to the 
correlation between the ions adsorbed to the surfaces and the ones still present in the solution. The 
increase, however, is not substantial from 0.5 to 1.5 M, suggesting that even the 0.5 M NaCl 
solution is not far from the state of saturation.   
7.3.3 Adsorption Statistics 
     To further evaluate the information provided by the atomic density profiles, a statistical analysis 
of adsorption is performed by integrating the density profiles of water molecules, as well as 
chloride and sodium ions, in the inner- and outer-sphere regions. The result are summarized in 
Tables 7-1 to 7-4, where Nt is the total number of water/ion species in the simulation cell; Nad is 
the number of species within the region of interest; Xad is the fraction of surface-bound species; 
and ρ is the surface site density (1/nm2). As can be seen in Tables 7-1 and 7-2, the inner-sphere 
and total (i.e., summation of inner- and outer-sphere) surface-bound fractions of water molecules 
in the vicinity of the [Ca2Al(OH)6]+ surface are (on average) 50% and 25% larger than those in the 
vicinity of the [0.5SO4.3H2O]- surface, respectively. This highlights that the positively-charged 
substrate has a higher water binding capacity compared to the negatively-charged substrate. 
Furthermore, it is observed that as the ionic strength increases from 0.1 M to 1.5 M NaCl, the 
adsorption site density decreases. This can be attributed to the fact that the Na+ and Cl- ions replace 
some of the water molecules at the basal surfaces of monosulfoaluminate.   
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Table 7-1. Adsorption statistics calculated from the atomic density profiles of water 
molecules in contact with [0.5SO4.3H2O]- substrate. 
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 3407 106.33 3.12 5.79  270.56 7.94 14.72 
0.2 M 3407 110.27 3.24 6.00  275.39 8.08 14.98 
0.5 M 3407 98.44 2.89 5.36  259.15 7.61 14.10 
1.0 M 3407 97.53 2.86 5.31  256.29 7.52 13.94 
1.5 M 3407 101.94 2.99 5.55  259.29 7.61 14.11 
 
Table 7-2. Adsorption statistics calculated from the atomic density profiles of water 
molecules in contact with [Ca2Al(OH)6]+ substrate. 
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 3407 161.89 4.75 8.81  342.87 10.06 18.65 
0.2 M 3407 156.23 4.59 8.50  338.49 9.94 18.42 
0.5 M 3407 147.37 4.33 8.02  325.28 9.55 17.70 
1.0 M 3407 146.34 4.30 7.96  323.75 9.50 17.61 
1.5 M 3407 150.40 4.41 8.18  329.43 9.67 17.92 
 
     For 0.1 M NaCl, a mean of 5.80 and 5.99 chloride ions are found in the inner- and inner- plus 
outer-sphere regions, respectively, while a mean of 1.72 and 5.78 sodium ions are located in the 
same regions (Tables 7-3 and 7-4). This is in agreement with the density profiles obtained for Cl- 
and Na+ ions in the inner- and outer-sphere regions. The fact that the adsorption site density of Cl- 
is higher than that of Na+ for all the NaCl concentrations indicates that the chloride ions have a 
higher affinity to the monosulfoaluminate compared to the sodium ions. Moreover, it is observed 
that as the ionic strength increases from 0.2 to 1.0 M NaCl, the fraction of the total surface-bound 
Cl- and Na+ decreases by 51% and 57%, respectively, indicating that some ions reside in the bulk 
solution for the entire duration of simulation. While the fraction of the total surface-bound ions 
decreases with increasing the solution concentration, the surface site density of the chloride and 
sodium ions show an increasing trend. This is in complete agreement with the binding isotherm 
and 35Cl NMR relaxation studies performed by Yu and Kirkpatrick (2001) on the other suspensions 
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of HCP. If the NaCl concentration is further increased from 1.0 to 1.5 M, the adsorption site density 
remains almost unchanged, underscoring that the state of saturation has been reached.  
 
Table 7-3. Adsorption statistics calculated from the atomic density profiles of chloride ions 
in contact with [Ca2Al(OH)6]+ substrate. 
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 6 5.80 96.72 0.32  5.99 99.86 0.33 
0.2 M 12 11.55 96.26 0.63  11.98 99.84 0.65 
0.5 M 30 21.71 72.35 1.18  25.74 85.80 1.40 
1.0 M 61 23.24 38.10 1.26  29.46 48.30 1.60 
1.5 M 92 23.21 25.23 1.26  30.43 33.08 1.66 
 
Table 7-4. Adsorption statistics calculated from the atomic density profiles of sodium ions 
in contact with [0.5SO4.3H2O]- substrate. 
 
  Inner-Sphere  Total Surface-Bound 
 Nt Nad Xad (%) ρ (nm-2)  Nad Xad (%) ρ (nm-2) 
0.1 M 6 1.72 28.70 0.09  5.78 96.26 0.31 
0.2 M 12 4.36 36.31 0.24  11.11 92.59 0.60 
0.5 M 30 6.43 21.43 0.35  21.01 70.03 1.14 
1.0 M 61 5.75 9.43 0.31  21.67 35.53 1.18 
1.5 M 92 4.84 5.26 0.26  22.46 24.42 1.22 
 
     To evaluate the binding capacity of monosulfoaluminate, the binding isotherms for the inner-
sphere and total surface-bound chloride ions are determined (Figure 7-4). Binding isotherm is 
commonly referred to the relationship between the concentration of free and bound ions at a given 
temperature. The binding isotherms obtained from MD simulations are compared with those 
determined from experimental tests. Hirao et al. (2005) performed a set of chloride sorption tests 
on samples with a mixing ratio of 10 cm3 NaCl solution and 1.0 g of AFm at 20 °C for 2 days. In 
a separate effort, Yoon (2010) conducted adsorption-reaction tests on a synthesized AFm added to 
chloride solutions with various concentrations for 10 days at 20 °C. It was found that the 
Freundlich and Langmuir isotherms fit well the experimental test data obtained from Hirao et al. 
(2005) and Yoon (2010), respectively. The Langmuir isotherm assumes that all the adsorption sites 
are occupied at high concentrations (Sergi et al., 1992), while the Freundlich isotherm suggests 
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that monolayer adsorption occurs at low concentrations (Luping and Nilsson, 1993). While there 
is an insignificant difference between the two isotherms at low ionic strengths (up to 1.0 M), the 
Langmuir isotherm matches the trend extracted from the MD simulation results beyond 1.0 M.  
 
Figure 7-4. Chloride binding isotherm calculated by MD simulations in comparison with 
the empirical models proposed based on the experimental test results.  
 
7.3.4 Water Orientation Profiles 
     The angular distributions, θd and θhh, are used to describe the orientation of water molecules 
with respect to the solid surfaces. The former refers to the angle between the surface’s normal 
direction [001] and the water dipole vector (vd), while the latter measures the angle between the 
surface’s normal vector and the vector passing from one hydrogen atom to the other in the same 
water molecule (vhh). These two angles provide detailed information about the structure of water 
molecules adsorbed to the surfaces of monosulfoaluminate. The angular distributions are 
calculated for the water molecules at various distances from the [0.5SO4.3H2O]- and 
[Ca2Al(OH)6]+ surfaces (Figures 7-5 and 7-6). Layers 1-4 are each 1 Å thick, corresponding to the 
first four peaks observed in the density profiles of WatO (shown in Figure 7-2). While the 
orientation profiles of water molecules for 1.5 M NaCl solution are presented, the angular 
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distributions extracted for various ionic strengths are found to be similar, indicating that the 
structure of water molecules is not significantly influenced by the solution’s concentration. 
(a) (b) 
(c) 
 
Figure 7-5. Water orientation profiles: (a) dipole and (b) HH angle distribution of water 
molecules in contact with the [0.5SO4.3H2O]- surface, (c) the atomic density profile of 
WatO. 
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     At the [0.5SO4.3H2O]- surface, the adsorbed water molecules are observed to have different 
orientations in the first two layers. The water molecules at the first layer are predominantly oriented 
with θd ~ 67.5° and θhh ~ 90°, whereas the water molecules of the second layer are oriented with θd 
~ 107.5-137.5° and θhh ~ 90°. This highlights that there are two types of water molecules near the 
negatively-charged surface, depending on the direction of their dipole vectors (i.e., away from and 
toward the solid surface). For both types of water molecules, the sharp peak in the θhh distribution 
indicates that the hydrogen atoms of each water molecule are located almost at the same distance 
from the surface. The water molecules in the third layer are oriented with θd ~ 117.5° and θhh ~ 
52.5-122.5°. The dipole angular distributions show that the dipole vectors of water molecules in 
this layer primarily point toward the surface. However, the broad peak in the HH angular 
distribution reflects that the H-O bonds are not as ordered as those in the first and second layers. 
The alternating orientation of water molecules in the first three layers is mainly attributed to the 
large surface charges. As mentioned earlier, there is a pronounced peak in the density profile of 
sulfate groups, separating the first two peaks in the density profiles of WatO atoms at the 
[0.5SO4.3H2O]- surface. The sulfate groups located between the two types of water molecules 
induce a strong electrostatic field, which aligns the water molecules located in the second and the 
third layers of water molecules in the orientations with a dipole vector pointing toward the surface. 
At the fourth layer, the water molecules exhibit a wide dipole and HH angular distributions, 
suggesting that the water molecules are randomly oriented with respect to the solid surface. 
     At the [Ca2Al(OH)6]+ surface, the water molecules show similar features in the first two layers. 
The first layer’s water molecules exhibit a sharp peak in the θd of 27.5°. The dipole distribution of 
the water molecules in the second layer reflects a reduced intensity with the peak shifted to 57.5°. 
This indicates that the water molecules in the first two layers are oriented with the dipole vectors 
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pointing away from the surface. This was expected, as the positive charge of the surface attracts 
the hydrogen atoms of the adsorbed water molecules.  
(a) (b) 
(c) 
 
Figure 7-6. Water orientation profiles: (a) dipole and (b) HH angle distribution of water 
molecules in contact with the [Ca2Al(OH)6]+ surface, (c) the atomic density profile of 
WatO. 
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     It is also observed that there is a sharp peak at 90° in the HH distribution of water molecules in 
the first layer, while the water molecules of the second layer exhibit a broad HH distribution. This 
reflects the difference in the orientation of hydroxyl groups in the water molecules of the first two 
layers. The random orientation of water molecules in the third and fourth layers, which can be 
confirmed with the wide dipole and HH distributions, indicates that the structure of water 
molecules is not significantly affected by the solid surface beyond the second layer. This is because 
the first two water layers shield the electrostatic interactions between the solid surface and water 
molecules in the upper layers. Thus, a hydrophobic feature is observed in the third and fourth 
layers, where the water molecules have stronger interactions with each other (through hydrogen 
bonding) than with the solid surface.  
7.3.5 Planar Atomic Density Distributions 
     To understand the adsorption mechanisms of sodium and chloride ions to the basal surfaces of 
monosulfoaluminate, the planar atomic density distributions (PADDs) of the Cl- and Na+ are 
extracted from the MD simulations. A PADD is a map of the integrated atomic density of the atom 
types of interest calculated over the 5.0 ns production time. For various sections selected along the 
z axis of the simulation cell, the atomic trajectories are recorded and then mapped to a grid in the 
x-y plane.  
     Figure 7-7 shows the PADDs of the Cl- and Na+ ions that are present within the inner- and 
outer-sphere distances from the [Ca2Al(OH)6]+ surface. For illustration purposes, the PADDs are 
superimposed on the equilibrium locations of calcium, aluminum, oxygen, and hydrogen atoms 
that form the calcium aluminate hydrate substrate. The PADD for the 0.1 M NaCl solution 
indicates that the adsorbed chloride ions are preferentially found in the channels between the 
calcium atoms and aluminate hydrate hexagons. Consistent with the atomic density profiles, no 
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sodium ion is found in 0.1 M NaCl solution over the inner- and outer-sphere range distances from 
the [Ca2Al(OH)6]+ surface. At 1.5 M NaCl, however, a few long-lived sodium ions are detected at 
both inner- and outer-sphere regions. Since the PADD of the sodium ions overlaps with that of the 
chloride ions, it can be inferred that a few long-lived Na+-Cl- clusters are formed on the surface of 
monosulfoaluminate in equilibration with the 1.5 M NaCl solution.  
(a) 
   
(b) 
 
Figure 7-7. Planar atomic density distributions of Cl- (cyan) and Na+ (purple) ions within 
(a) inner-sphere and (b) outer-sphere distances from the [Ca2Al(OH)6]+ surface, 
superimposed on the equilibrium locations of Ca (green), Al (pink), O (red), and H (white) 
atoms that form the calcium aluminate hydrate substrate.  
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     It is also observed that the PADD of the ions in the outer-sphere range is very scattered, 
covering almost the entire surface. This indicates that the saturation state is reached. Figure 7-8 
shows the PADDs of the Cl- and Na+ ions present within the inner- and outer-sphere distances 
from the [0.5SO4.3H2O]-  surface, superimposed on the equilibrium locations of the sulfur and 
oxygen atoms that are present in the surface layer of sulfate groups. At 0.1 M NaCl, it can be 
observed that there are a few sodium ions at the inner-sphere distances from the solid surface. 
These ions are strongly coordinated to either the water molecules between the sulfate groups or to 
the calcium aluminate hydrates under the sulfate groups. The PADD for the Na+ ions of the outer-
sphere range are found to be more scattered than those of the inner-sphere range. This is expected 
because of the presence of at least one layer of water molecules between the Na+ ions and the 
surface. Nevertheless, it is evident that the outer-sphere Na+ ions preferentially move over the 
diagonal sulfate groups with a negligible mobility elsewhere. Such inner- and outer-sphere PADDs 
confirm that the outer-sphere complex formation is the main adsorption mechanism for the Na+ 
ions. Moreover, consistent with the atomic density profiles, no chloride ions are found in the 
vicinity of the [0.5SO4.3H2O]-  surface equilibrated with the 0.1 M NaCl solution. At high ionic 
strengths, there are a few chloride ions detected in the channels between the sulfate groups. This 
suggests that the surface-adsorbed ions are strongly coordinated to the surface water molecules 
and the outmost layer of calcium aluminate hydrates.  
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(a) 
   
(b) 
 
Figure 7-8. Planar atomic density distributions of Cl- (cyan) and Na+ (purple) ions within 
the (a) inner-sphere and (b) outer-sphere distances from the [0.5SO4.3H2O]- surface, 
superimposed on the equilibrium locations of S (yellow), and O (red) atoms that exist in the 
surface layer of sulfate groups. 
 
7.3.6 Radial Distribution Functions 
     Atom-atom radial distribution functions (RDFs) are employed to characterize the structure of 
adsorption sites in the basal surfaces of monosulfoaluminate. An RDF specifies the probability 
density function of finding the atoms of type j at a distance rij from the reference atoms of type i 
averaged over time. The number of atoms j immediately surrounding a central atom of i is often 
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called coordination number, which is calculated by integrating the RDF function from zero to 
immediately after the first peak. The plot that presents the coordination numbers with respect to 
their distance from the central atom of interest is referred to as running coordination number (RCN) 
plot. Figure 7-9(a) shows the RDFs and RCNs for Cl- ions with respect to the surrounding WatO 
atoms obtained from the equilibrated 1.5 M NaCl solution in contact with the basal surfaces of 
monosulfoaluminate. It is observed that the Cl--WatO RDFs exhibit a pronounced peak between 
2.85 and 3.85 Å centered at 3.25 Å, corresponding to the first hydration shell. While there is a 
relatively small peak attributed to the second shell for the inner-sphere Cl--WatO RDF, the 
intensity of the second peak increases for the outer-sphere and aqueous Cl--WatO RDFs. This 
confirms the weak interactions between chloride ions and water molecules in the inner-sphere 
region. The coordination number of the first hydration shell of Cl-, determined from the RCNs at 
a distance of 3.85 Å, is 5.42, 7.48, and 7.50 for the inner-sphere, outer-sphere, and aqueous ions, 
respectively. This shows that the presence of the [Ca2Al(OH)6]+ surface reduces the water 
molecules of the first hydration shell of the adsorbed chloride ions. The coordination number of 
chloride ions calculated in this study is comparable with the numbers reported in the previous 
studies, including 6.0 from the infrared spectroscopic tests (Bergstrom et al., 1991), 5.6 from the 
Car-Parrinello MD simulations (Bakker, 2008), and 6.9 from the classical MD simulations (Smith 
and Dang, 1994). It must be noted that the referenced numbers were obtained for the sodium 
chloride solutions without the presence of monosulfoaluminate. Moreover, it is evident that the 
coordination numbers, as well as characteristic distances and intensities corresponding to the outer-
sphere Cl--WatO, are very similar to those obtained for the aqueous chloride ions. This highlights 
the fact that the chloride ions are predominantly adsorbed within the inner-sphere range distances 
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from the surface of monosulfoaluminate. This is fully supported with the findings from the 
simulation snapshots, atomic density profiles, and adsorption statistics.  
(a) (b) 
 
Figure 7-9. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) Cl--WatO and (b) Na+-WatO calculated for 1.5 M NaCl solution in 
equilibrium with the [Ca2Al(OH)6]+ and [0.5SO4.3H2O]- surface of monosulfoaluminate, 
respectively. 
 
     In the Na+-WatO RDFs shown in Figure 7-9(b), the first peak is located at 2.35 Å, consistent 
for the adsorbed and aqueous ions. This indicates that the interatomic distance between the sodium 
ions and water molecules is not dependent on their distance to the [0.5SO4.3H2O]- surface. The 
coordination number associated with the first hydration shell for the inner-sphere, outer-sphere, 
and aqueous sodium ions is 3.81, 4.75, and 5.71, respectively. There is also a distinct peak located 
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at 4.30 and 4.45 Å in the RDFs of the adsorbed and aqueous sodium ions, respectively, which 
correspond to the second hydration shell. The coordination number of 5.71 and the bond length of 
2.35 Å for the aqueous sodium ions are in a complete agreement with those predicted by Smith 
and Dang (1994). Smith and Dang (1994) performed classical MD simulations of NaCl in a 
polarizable water and found that sodium ions are surrounded by 5.80 water molecules with a Na+-
WatO bond length of 2.33 Å at 25 °C.  
     Figure 7-10(a) shows the RDFs of the inner-sphere chloride ions and the main structural 
elements of the [Ca2Al(OH)6]+ surface of monosulfoaluminate. As expected, the Cl--Al, Cl--Ca, 
and Cl--Ho RDFs have several peaks within a large distance from the surface due to the crystalline 
structure of the solid substrate. The first peaks in the Cl--Al and Cl--Ca RDFs correspond to 2.78 
aluminum and 0.63 calcium atoms distanced 4.95 and 2.75 Å from the chloride ions, respectively. 
Furthermore, there are 1.57 and 5.40 hydrogen atoms from the hydroxyl groups captured from the 
first and second peak in the Cl--Ho RDF, respectively. This is consistent with the inner-sphere 
adsorption of chloride ions in the channels between the calcium atoms and the aluminum 
hexagonal lattices with hydroxyl groups sticking out. Figure 7-10(b) illustrates the RDFs of the 
outer-sphere sodium ions and the main structural elements of the [0.5SO4.3H2O]- surface of 
monosulfoaluminate. The first peaks in the Na+-Os and Na+-S RDFs correspond to 1.11 oxygen 
and 0.26 sulfur atoms from the sulfate groups distanced 2.35 and 3.55 Å from the sodium ions, 
respectively. On the other hand, the Na+-Oh RDF is almost flat with a low-intensity peak at 4.55 
Å from the sodium ions. The coordination number of close to 1.0 captured from the Na+-Os RDF 
and the large interatomic distance between the outer-sphere Na+ and Oh atoms are both consistent 
with the observation that Na+ remains directly above the Os atoms of the sulfate groups present in 
the outer-sphere range (rather than the hydroxyl groups present in the channels between the 
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calcium aluminate layers). This description confirms the finding that the outer-sphere sodium ions 
are adsorbed on the negatively-charged sulfate groups of the [0.5SO4.3H2O]- surface. 
(a) (b) 
 
Figure 7-10. Radial distribution functions (solid lines) and running coordination numbers 
(dash lines) of (a) inner-sphere chloride ions and the elements of the [Ca2Al(OH)6]+ surface, 
and (b) outer-sphere sodium ions and the elements of the [0.5SO4.3H2O]-  surface, both 
calculated for 1.5 M NaCl solution. 
 
7.3.7 Self-Diffusion Coefficients 
     To characterize the dynamic properties of water molecules, as well as sodium and chloride ions, 
in contact with the basal surfaces of monosulfoaluminate, their self-diffusion coefficients are 
determined. The self-diffusion coefficients of various species are estimated following the 
procedure described in Ngouana and Kalinichev (2014), in which the quasi-linear part of the mean 
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square displacement (MSD) over time is divided into four segments and the arithmetic average of 
their slopes is calculated to determine the self-diffusion coefficient.  
(a) 
(b) 
 
Figure 7-11. Self-diffusion coefficients as a function of NaCl concentration for the inner-
sphere, outer-sphere, and total surface-bound water molecules in contact with (a) 
[Ca2Al(OH)6]+ and (b) [0.5SO4.3H2O]- surface. 
 
     It is seen in Figure 7-11 that as the NaCl concentration increases from 0.1 to 1.5 M, the self-
diffusion coefficients of water molecules decrease. This can be attributed to the low diffusivity of 
ions in the system, which decelerates the mobility of neighboring water molecules. It can be 
observed that the water molecules in the inner-sphere range of the [Ca2Al(OH)6]+ surface are 
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almost 1.5 times more mobile than those in the same range of the [0.5SO4.3H2O]- surface. This is 
due to the formation of additional H-bond interactions, originating from the presence of the sulfate 
groups, which lower the mobility of the water molecules on the [0.5SO4.3H2O]- surface. 
Nonetheless, the mobility of water molecules in the outer-sphere range of the negatively-charged 
surface is approximately similar to that of molecules residing at the same distances from the 
[Ca2Al(OH)6]+ substrate. This is expected, as the water molecules adsorbed to each surface shield 
the interactions between the water molecules of upper layers and the solid surface. Thus, a 
substantial increase in the self-diffusion coefficient of the water molecules in the outer-sphere 
range is recorded. 
     Table 7-5 summarizes the self-diffusion coefficients calculated for the 1.5 M NaCl solution 
species adsorbed to the basal surfaces of monosulfoaluminate. The diffusion coefficients are 
reported for the inner- and outer-sphere, as well as the total surface-bound species. On average, 
the self-diffusion coefficient for the inner-sphere, outer-sphere, and total surface-bound water 
molecules fall in the range of 1.09-1.66 ×10-9, 1.75-1.91 ×10-9, and 1.43-1.80 ×10-9 m2/s, 
respectively. This is consistent with the range of 0.6-2.0 ×10-9 m2/s obtained from the QENS 
experiments on the samples of HCP (Bordallo et al., 2006). It is observed that the self-diffusion 
coefficients of the chloride and sodium ions that reside in the outer-sphere range are 83% and 47% 
larger than those of present in the inner-sphere range. While with increasing the distance from the 
solid surface, an increase in the self-diffusion coefficient is anticipated, a larger increase in the 
mobility of chloride ions than that of sodium ions can be justified based on the fact that the inner- 
and outer-sphere complex formation are the governing adsorption mechanisms for the Cl- and Na+ 
ions, respectively.  
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Table 7-5. Self-diffusion coefficients of 1.5 M NaCl solution species in contact with the basal 
surfaces of monosulfoaluminate. 
 
 
Self-diffusion coefficient [Ca2Al(OH)6]
+  [0.5SO4.3H2O]- 
H2O Cl-  H2O Na+ 
Inner-Sphere (× 10-9 m2/s) 1.66 0.58  1.09 0.39 
Outer-Sphere (× 10-9 m2/s) 1.91 1.06  1.75 0.57 
Total Surface-Bound (× 10-9 m2/s) 1.80 0.69  1.43 0.56 
 
7.4 Conclusions 
     A set of MD simulations were performed to unravel, for the first time, the atomistic origins of 
the diffusion of water molecules and aggressive ions at the interfaces of monosulfoaluminate. As 
for water molecules, it was found that their mobility substantially decreases as the concentration 
of sodium chloride increases in the solution. In addition, it was observed that water molecules near 
the basal surfaces of monosulfoaluminate are strongly oriented. This was explored in depth 
through comprehensive dipole and HH angular distribution analyses, which were performed at 
different distances from both negatively- and positively-charged surface of monosulfoaluminate. 
At the [0.5SO4.3H2O]- substrate, the first layer of water molecules closest to the surface were 
oriented with a dipole vector pointing away from the surface. The orientation of water molecules, 
however, was found to be reversed in the layers farther from the surface. This was primarily 
attributed to the presence of a layer of sulfate groups between the first and second layer of water 
molecules, inducing a strong electrostatic field, which attracts the hydrogen atoms of the water 
molecules from both sides. In contrast, the layers of water molecules adsorbed to the 
[Ca2Al(OH)6]+ substrate were found to be all oriented with a dipole vector pointing away from the 
surface as expected. As for chloride and sodium ions, their structures and dynamics were found to 
be significantly influenced by the concentration of sodium chloride solutions. At low ionic 
strengths, there is a complete separation between the ions, such that the chloride and sodium ions 
were mostly adsorbed to the [0.5SO4.3H2O]- and [Ca2Al(OH)6]+ surface, respectively. At the high 
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sodium chloride concentration, however, close to 75% of the ions are located in the bulk solution. 
Nonetheless, the adsorption statistics obtained from MD simulations was able to confirm and 
explain the strong chloride binding capacity of monosulfoaluminate reported from the 
experimental tests. It was inferred that the inner- and outer-sphere complex formation is the main 
adsorption mechanism for the chloride and sodium ions, respectively. This highlighted the fact 
that the sodium ions have a weak affinity to the basal surfaces of monosulfoaluminate (compared 
to the chloride ions). Concerning the dynamics of ions, both sodium and chloride ions were found 
to have a lower mobility in the inner-sphere range than in the outer-sphere range. It was revealed 
that the inner-sphere chloride ions were preferentially located in the channels between the calcium 
and aluminate hydrate groups of the [Ca2Al(OH)6]+ surface. The sodium ions, on the other hand, 
coordinate themselves with one of the oxygen atoms of the sulfate groups.  
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CHAPTER 8: SUMMARY AND FUTURE WORK 
 
8.1 Summary of Main Contributions 
In this work, a bottom-up computational framework supported by experimental test data is 
established to unravel the atomistic processes underlying the response of cement-based materials 
subjected to the mechanical and environmental stressors. The main contributions and findings of 
the current study are summarized below. 
     The structure of the crystalline HCP phases, such as portlandite and the aluminum-rich species 
are modeled at the nanoscale. The atomistic models are validated with the experimental test data 
available in the literature. The interplay between the structure and the mechanical characteristics 
of the phases under consideration was fully investigated. It was determined that the  sequential 
breakage of the Ca-O and Al-O bonds in hydrogarnet results in a significant reduction in the tensile 
strength after the yield stress is reached. The tricalcium aluminate columns in ettringite and 
ሾCaଶAlሺOHሻ଺ሿା layers in monosulfoaluminate were found mainly responsible for resisting tensile 
strains. The separation and sequential breakage of the tricalcium aluminate columns are the main 
causes of failure identified for ettringite in the x/y and z directions, respectively. As for 
monosulfoaluminate, the sequential breakage of the Ca-O and Al-O bonds of the ሾCaଶAlሺOHሻ଺ሿା 
layers results in the failure of the atomic structure in the x and y directions. In the z direction, 
however, the segregation of the positively charged layers was identified as the main cause of failure 
under large strains. It was shown that the mechanical properties of the aluminum-rich species 
improve with the increase in the ratio of the number of aluminum to calcium atoms. As for 
portlandite, the presence of strong [CaO6] layers running in the [001] direction resulted in the 
enhanced strength and stiffness in the x and y directions. In the z direction, however, the breakage 
of weak dispersive forces causes the segregation of the layers resulting in a mechanical failure. 
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Furthermore, it was observed that the tensile strength, Young’s modulus, and fracture strain of 
portlandite decrease with temperature (temperature softening) and increase with strain rate (strain 
rate hardening). Lastly, a constitutive relationship was derived to describe the tensile strain of 
portlandite at various temperature and strain rate conditions.  
       The mechanical properties of the secondary sulfate-bearing phases formed as a result of the 
chemical attack reactions, i.e. ettringite and thaumasite, were characterized in this study for the 
first time using RMD simulations. It was observed that ettringite and thaumasite are about three 
times stronger in the z direction compared to the y direction, reflecting a strength anisotropy. While 
the tensile and compressive strengths are virtually identical, both ettringite and thaumasite in the 
y direction are stronger in the net compressive state than in the net tensile state. It was revealed 
that the breakage of Ca-O, Al-O, and Si-O interactions in the tricalcium aluminate and tricalcium 
silicate columns of ettringite and thaumasite, respectively, are mainly responsible for the strength 
anisotropy captured from the stress-strain relationships. The stress asymmetry in the tension and 
compression was attributed to the breakage and densification of the hydrogen bond network 
between the tricalcium aluminate and tricalcium silicate columns of ettringite and thaumasite, 
respectively. A yield criterion was identified to capture the strength anisotropy and stress 
asymmetry in the flow surfaces of ettringite and thaumasite. The effects of temperature change 
and strain rate on the mechanical properties were also investigated in detail. As the temperature 
increases, the rate of chemical bond dissociation increases, which in turn results in a substantial 
reduction in the mechanical properties, while a decrease in the strain rate favors larger atomic 
fluctuations accompanied by temperature-induced rearrangements, which caused a noticeable 
reduction in the mechanical properties. 
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     The structure, orientation, and dynamics of water molecules and aggressive ions at the basal 
surfaces of the main aluminum-rich species in HCP, namely ettringite and monosulfoaluminate, 
was studied in detail. It was observed that the structure, orientation, and distribution of water 
molecules are fairly independent of the concentration of sodium chloride solutions. It was found 
that the orientation of water molecules are affected up to ~10 Å from the surfaces beyond which 
the molecules were randomly oriented. The alternating orientation of water molecules at different 
distances from the solid surfaces was attributed to the complexities involved in the surface charges. 
Unlike water molecules, the structure and dynamics of chloride and sodium ions were significantly 
affected by the concentration of sodium chloride solutions. At higher ionic strengths, the Na+-Cl- 
pair formation was observed due to the coadsorption of the ions to the solid surfaces. It was found 
that ettringite and monosulfoaluminate have low and high chloride binding capacity, respectively. 
In the inner-sphere distances from the ettringite’s surfaces, the chloride ions were mostly found on 
the tricalcium aluminate columns, while the sodium ions were located on the top of the oxygen 
atoms of sulfate groups. For monosulfoaluminate, it was also observed that the chloride and 
sodium ions are mostly adsorbed to the [0.5SO4.3H2O]- and [Ca2Al(OH)6]+ surface, respectively.  
It was shown that the chloride and sodium ions were present at both the inner- and outer-sphere 
distances from the ettringite’s surfaces. For monosulfoaluminate, however, the inner- and outer-
sphere complex formation is the main adsorption mechanism for the chloride and sodium ions, 
respectively. This highlighted the fact that the sodium ions have a weaker affinity to the basal 
surfaces of monosulfoaluminate compared to the chloride ions. Nonetheless, for both types of solid 
surfaces, the mobility of the sodium and chloride ions was lower at the inner-sphere regions 
compared to that of the ions at the outer-sphere distances to the surfaces. Also, the diffusion rate 
of the Na+ and Cl- ions were found to be several times smaller than that of the water molecules.  
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8.2 Perspective for Future Work 
     The atomistic computational framework developed in this dissertation can be directly employed 
in follow-up research studies to further improve the state of knowledge on the response of cement-
based materials under the mechanical and environmental stressors.  
     The atomic-scale models developed in this study provide a robust foundation to incorporate 
elemental substitutions (e.g., Fe, Hg, Mg, Mn, and Zn, to name a few) in the structure of the HCP 
phases. Depending on the type, concentration, and distribution of the elemental substitutions, the 
physical and chemical characteristics of the HCP phases might be aggravated or enhanced. The 
current literature falls short in providing the necessary forcefield parameters to accurately model 
the chemical interactions between the substituted elements and elements of the host HCP phase. 
Characterization of the accurate forcefield parameters to perform such atomistic simulations 
remains to be explored in future. It is expected that the future studies in this area of research can 
shed light on the role of elemental inclusions in modulating the structure of the HCP phases with 
the aim of enhancing their physical and chemical properties.  
     The atomic-scale processes underlying the mechanical and thermal characteristics of the 
sulfate-bearing crystals formed as a result of chemical sulfate attack reactions (i.e., ettringite and 
thaumasite) are determined in this study. It was shown that thaumasite is mechanically weaker 
than the C-S-H gel, which is an important step forward to justify the macro-level loss of strength 
caused by the formation of thaumasite at the expense of the C-S-H gel, a.k.a thaumasite attack. 
Nonetheless, follow-up research studies are required to bridge the direction-dependent tensile 
strength of ettringite, estimated in this study, to the expansive stresses induced to the capillary pore 
walls in the cement paste as a result of the formation of ettringite. Given the size of the capillary 
pores (~10-8- 10-7 m), millions of atoms are necessary to be modeled to capture the atomistic origin 
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of the tensile stresses. While such simulations are not feasible by the current computational speed, 
with the possible advancement of computer technology in near future it will become 
computationally more tractable to fill in this research gap.  
     In this study, a nonreactive forcefield was used to investigate the diffusion of water molecules 
and aggressive ions in contact with the basal surfaces of the aluminum-rich species of HCP. 
Although the classical MD simulations provided invaluable knowledge about the structure and 
dynamics of the adsorbed water and ions, characterization of the chemical reactions that may occur 
during adsorption processes has remained unresolved. For example, the transfer of a proton from 
a strongly adsorbed water molecule to a neighboring hydroxyl group in the surface of the HCP 
phases cannot be captured in the MD simulations. This can be addressed by performing RDM 
simulations that will help shed light on the chemical reactions that may take place in solid-aqueous 
environments.  
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